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ZUSAMMENFASSUNG
DieseArbeitstelteineeingehendeStudiedessogenanntenVertikalenOrganischen
Feld-Efekt-Transistors(VOFET)dar,einerneuenTransistor-Geometrie,welchedemste-
tigwachsendenBereichderorganischenElektronikentspringt.DiesesneuartigeBauteil
hatbereitsbewiesen,dassesinderLageist,einederfundamentalenEinschränkungen
herkömmlicherorganischerFeld-Efekt-Transistoren(OFETs)zuüberwinden:DiefürSchalt-
frequenzundAn-StromwichtigeKanalängedesTransistorskannimVOFETstarkreduziert
werden,ohnedassteureundkomplexeStrukturierungsmethodengenutztwerdenmüssen.
DasgenaueFunktionsprinzipdesVOFETistbisherjedochweitgehendunerforscht.Durch
denVergleichvonexperimentelenDatenmitSimulationsdatendeserwartetenBauteil-Ver-
haltenswirdhiereinerstes,grundlegendesVerständnisdesVOFETserarbeitet.Dieso
gewonnenenErkenntnissewerdenimFolgendengenutzt,umbestimmteParameterdes
VOFETskontroliertzumanipulieren.Sowirdbeispielsweisegezeigt,dassdieMorphologie
desorganischenHalbleiters,unddamitseineAbscheidungsparameter,sowohlfürdie
VOFET-HerstelungalsauchfürdenLadungsträgertransportimfertigenBauteileinewichti-
geRolespielen.Weiterhinwirdgezeigt,dassderVOFET,genauwiederkonventionele
OFET,durchdasEinbringenvonKontaktdotierungdeutlichverbessertwerdenkann.MitHil-
fedieserErgebnissekanngezeigtwerden,dassdasFunktionsprinzipdesVOFETsmitdem
eineskonventionelenOFETsnahezuidentischist,wennmanvongeringenAbweichungen
aufgrundderunterschiedlichenGeometrienabsieht.BasierendaufdieserErkenntniswird
schließlicheinVOFETpräsentiert,welcherimInversionsmodusbetriebenwerdenkannund
sodieLückezurkonventionelenMOSFET-Technologieschließt.DieserInversions-VOFET
steltfolglicheinenvielversprechendenAnsatzfürleistungsfähigeorganischeTransisto-
rendar,welchealsGrundbausteinefürkomplexeElektronikanwendungenaufﬂexiblen
Substratengenutztwerdenkönnen.
ABSTRACT
Thisworkrepresentsacomprehensivestudyoftheso-caledverticalorganicﬁeld-efect
transistor(VOFET),anoveltransistorgeometryoriginatingfromthefast-growingﬁeldof
organicelectronics.Thisdevicehasalreadydemonstrateditspotentialtoovercomeoneof
thefundamentallimitationsmetinconventionalorganictransistorarchitectures(OFETs):
IntheVOFET,itispossibletoreducethechannellengthandthusincreaseOn-statecurent
andswitchingfrequencywithoutusingexpensiveandcomplexstructuringmethods.Yet
theVOFET’soperationalprinciplesarepresentlynotunderstoodinfuldetail.Bysimulating
theexpecteddevicebehaviourandcorelatingitwithexperimentalﬁndings,abasic
understandingofthechargetransportinVOFETsisestablishedandthisknowledgeis
subsequentlyappliedinordertomanipulatecertainparametersandmaterialsintheVOFET.
Inparticular,itisfoundthatthemorphology,andthusthedepositionparameters,ofthe
organicsemiconductorplayanimportantrole,bothforasuccessfulVOFETfabrication
andforthechargetransportintheﬁnisheddevice.Furthermore,itisshownthatVOFETs,
justliketheirconventionalcounterparts,aregreatlyimprovedbytheapplicationofcontact
doping.Thisresult,inturn,isusedtodemonstratethattheVOFETessentialyworksin
almostexactlythesamewayasaconventionalOFET,withonlyminorchangesduetothe
alteredcontactarangement. Workingfromthisrealisation,averticalorganictransistoris
developedwhichoperatesintheinversionregime,thusclosingthegaptoconventional
MOSFETtechnologyandprovidingatrulypromisingcandidateforhigh-performance
organictransistorsasthebuildingblocksforadvanced,ﬂexibleelectronicsapplications.
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Thisthesis,justlikemanyotherPhDthesesandindeedmostdocumentstoday,was
writenonamoderncomputer.Thiscomputercontainsawholevarietyofelectronic
components, mostofwhichhavebeendevelopedinthelast200yearsandarestil
thesubjectofcontinuousimprovementanddownscaling.Themostcommonofthese
componentsisthetransistor.Thisdeviceformsthebasisofal moderntechnology.In
fact,lifeasweknowittodaywouldnothavebeenpossiblewithouttheinventionof
thetransistor.TheAustrianphysicistJuliusEdgarLilienfeldwastheﬁrsttoproposea
deviceconceptwhichutiliseselectricﬁeldstochangetheelectricalconductivityofagiven
materialsoastoamplifyacurentsignalbetweentwocontactsbyuseofathirdcontact[1].
Thisconceptwouldlaterbetermedtheﬁeld-efecttransistor(FET).Theﬁrstsolid-state
transistorwasrealisedexperimentalyin1948bytheAmericansandlaterNobelPrize
winnersWiliamShockley,ThomasBardeenandWalterBratainatBelLaboratoriesinthe
formofthebipolarjunctiontransistor(BJT)[2].Thesubsequentstoryofthetransistoris
oneoftremendoussuccess.Amongthediferentdeviceconceptspresentedinlateryears,
themostsuccessfulonebyfarwasthemetal-oxide-semiconductorﬁeld-efecttransistor
(MOSFET),whichwasﬁrstrealisedbyKahngandAtalain1960[3].MOSFETtechnology
todayistheessentialbuildingblockforvirtualyallogiccircuitsandelectronicsdevices,
whethertheyareassimpleasadigitalalarmclockorasadvancedasasuper-computer.
WhileMOSFETsarebasedlargelyontheinorganicsemiconductorsilicon,oneofthe
mostabundantelementsonthisplanet,recentdevelopmentsprovideanentirelynew
andexcitingdevelopment:theprospectofﬂexibleelectronicsdevicesmadefromorganic
semiconductormaterials.
Figure0.1.:Theevolutionoftransistors:(a)Reconstructionoftheoriginalpoint-contact
transistordevelopedbyShockley,BardeenandBratain;(b)ﬁrstlabdemon-
stratorofIBM’slatest7nmchannelMOSFET;(c)labdemonstratorofOFETs
onﬂexiblesubstrates.Imagestakenfromref.[4–6].
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Organicsemiconductorshavebeenthetopicofresearchsincethe1960s,butitwas
mainlythediscoveryofefﬁcientelectroluminescenceinorganicdiodestructuresinthelate
1980swhichcausedthecontinuouslygrowingcommercialinterestinorganicelectronics
[7].Duetolargeefortsbothinthedevelopmentofnewmaterialsanddevicearchitectures,
theﬁeldoforganicelectronicshasalreadyproducedseveralmarketapplications,not
leastamongthemorganiclight-emitingdiodes(OLEDs)andorganicphotovoltaiccels
(OPVs). Whatsetsorganicsemiconductorsapartfromtheirinorganiccounterpartsisthe
wayinwhichthesematerialscanbeproducedandmanufacturedintoelectronicsdevices:
Conventionalsemiconductors,suchassilicon,requiremanufacturingprocessesthatimply
chemicalswhichareoftenharmfultotheenvironment.Furthermore,whilesiliconisone
ofthemostabundantmaterialsonearth,itrarelyoccursinapureformandhastobe
harvestedandcleanedbycomplexandexpensiveprocedures.Organicsemiconductors,
ontheotherhand,canbesynthesisedinalab,thechemicalandphysicalpropertiesofa
givenmaterialcanevenbealteredtotailorittothespeciﬁcneedsofacertainapplication.
Furthermore,organicsemiconductorscanbeprocessedinseveraldiferent,inexpensive
ways,whichmaybemoreenvironmentalyfriendlyandalowforfabricationofdeviceson
ﬂexiblesubstrates,asshowninﬁgure0.1.Organicsemiconductorsthereforeopenup
entirelynewpossibilitiesforadvancedandﬂexibleconsumerelectronicsanditistobe
expectedthatorganicelectronicswilbecomeamulti-biliondolarmarket.Thefoundation
forthishasalreadybeensetbyOLEDdisplaysinmobilephonesandTVs,whichalready
haveanannualmarketshareofapproximately10B$.However,thelargestmarketsharein
theyearstocomewilgotoorganiclogiccircuitryandmemorydevices,assuchtechnology
isrequiredtorealiseanyformofadvanced,ﬂexibleelectronicsproduct.
Theaimandfocusofthisthesisthereforeisthecombinationofthetwotechnologies
detailedabove:thecombinationofMOSFETtechnologyandorganicsemiconductors-in
short,theorganicﬁeld-efecttransistor(OFET)andinparticularthenovelarchitectureof
verticalorganicﬁeld-efecttransistors(VOFETs). WhileconventionalOFETshavebeen
researchedforquitesometime[8],thenovelVOFETarchitecturehasonlybeendeveloped
recentlyandisatpresentnotverywelunderstood.
Inchapter1ofthisthesis,theconceptoforganicsemiconductors,aswelastheir
fundamentalproperties,wilbeintroduced.Asapre-requisitetothedeviceinvestigated
inthisthesis,theconventionalOFETwilbediscussedinchapter2and,buildingonthis
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discussion,chapter3wilintroducethenovelVOFETarchitecture,explainitstheoretical
superioritytotheconventionalOFETandalsodiscussotherverticaltransistorgeometries.
Chapter4containsadetailedexplanationoftheexperimental methodsusedduring
theworkthatleadtothisthesis.Itfurthergivesinformationonthematerialsused
forsamplefabrication.Inthefolowingchapters,theresearchresultsleadingtothis
thesiswilbepresented,startingwithchapter5,whichdiscussessomebasicmaterial
optimisationresults.Chapter6isdedicatedtothefundamentalunderstandingofthe
VOFET’soperationalprinciples.Here,thechargetransportthroughthedeviceisdiscussed
inmoredetailandﬁrstconclusionsonthebasicoperationalprincipleoftheVOFETare
drawn,supportedbyresultsfrombothexperimentandsimulation.Chapter7continues
thisdiscussionbyintroducingtheconceptofmoleculardopingasatooltounderstand
theVOFEToperation.Itdemonstratesthegreatpotentialofselectivecontactdopingasa
methodforimprovingdeviceperformanceandconcludeswithaveryimportantrealisation
concerningthelimitationsoftheVOFET.Buildingonaltheseresults,chapter8presents
whatispossiblytheworld’sﬁrstverticalorganicinversionmodetransistor,adevicewhich
trulycombinestheoperationalprincipleofasiliconMOSFETwiththedesignfreedomof
organicsemiconductors.Chapter9summarisesonceagaintheresultspresentedinthe
previouschaptersandaimstoprovideabriefoutlookforfutureworkonthisfascinating
technology.
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1.THEPHYSICSOFORGANIC
SEMICONDUCTORS
Thischapterintroducesthe mostfundamentalconceptsinvolvedinorganicsemicon-
ductorphysics.Startingwithaﬁrstprinciplesderivationofthespecialnatureofcertain
organic molecules,theformationoforganicsolidswilbediscussed,aswelastheir
electricalandstructuralproperties.Forthespecialcaseoforganicsemiconductors,the
conceptofquasi-particleswilbeintroducedandpotentialtransportmechanismsofsuch
particleswilbediscussed.Inthelastsection,theconceptofmoleculardopingfororganic
materialswilbeintroducedasanimportanttoolfordeviceoptimisation.
25

Inthebroadestsense,thetermorganicsemiconductorreferstoamaterialwhichcomes
fromtheareaoforganicchemistryandpossessesclassicalsemiconductingproperties.
Putmorespeciﬁcaly,anorganicsemiconductorisamaterialwhosestructureisbased
largelyonhydrocarbons(oftenintheformofbenzenerings,compareﬁgure1.1)andwhose
electricalconductivitymaybeincreasedbeyondthetypicalinsulatorlevel(approximately
10-10(Ωcm)-1)bycertainprocesses,e.g.doping,heatingorilumination.Elementssuch
asﬂuorine,nitrogen,oxygen,sulphurorcertainmetalsareoftenincorporatedintothese
hydrocarbonstructuresinordertoadapttheirpropertiesforspeciﬁcapplications.
Onegeneralydiferentiatesbetweenpolymersemiconductors,i.e.macromolecules
whicharemadeofmanyrepeatingunitsofhydrocarbon-basedmonomersandmaybe
severalhundrednanometerslong,andso-caledsmal molecules,which-asthename
suggests-areconsiderablysmalerinsizeandhaveeithernorepeatingunitsataloronly
averylimitednumberofsuchunits(thesearereferedtoasoligomers).Semiconducting
materialsmadepurelyofcarbon,suchasfulerenesorcarbonnanotubes,alsofalunderthe
deﬁnitionoforganicsemiconductors.Afewexamplesoftypicalorganicsemiconductors
areshowninﬁgure1.1,togetherwiththeirchemicalstructures.
Asisvisiblealreadyfromthesefewexamples,anotherdeﬁnitionofthesub-categories
oforganicsemiconductorsmaybederivedsimplyfromtheforminwhichtheymost
oftenoccur:Mostsmal moleculesfalunderthedeﬁnitionoforganicsolids[9],thatisto
say,theynaturalyformsingle-crystaline,polycrystalineoramorphoussolids.Theseare
generalyprocessedbythermalevaporationundervacuum,aswilbeexplainedfurther
inchapter4.Largermolecules,andinparticularmanypolymers,arebeterdescribedas
organicsoftmaterandaretypicalyprocessedfromsolutionastheywoulddecompose
duringthethermalevaporationprocess.
Theremainderofthischapterwilfocusonsmal moleculesemiconductors,including
alsotheclassoffulerenes.Aspolymersemiconductorsplayednopartintheworkleading
tothisthesis,theyshalnotbediscussedfurther,althoughmanyofthemostfundamental
conceptsoforganicsemiconductorsarethesameforpolymersandsmal molecules.For
moredetailedinformationonthematerialclassofpolymersemiconductors,theinterested
readerisreferedtostandardtextbookssuchasref.[10]and[11].
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Figure 1.1.:Examples of organic compounds: The basic building block benzene (top right);
the buckminster fulerene (C60, top left), which is a common n-type semi-
conductor and absorber; the n-type semiconductor and emiter tris(8hydroxy-
quinolinato)aluminium (Alq3, left); the p-type semiconductor zinc phthalo-
cyanine (ZnPc, right), the p-dopant 2,2’(perﬂuoronaphthalene2,6diylidene)-
dimalononitrile (F6-TCNNQ, botom right) and the polymer semiconductor
PEDOT:PSS in solution (botom left). Al images by IAPP.
1.1. ELECTRONIC AND STRUCTURAL PROPERTIES OF ORGANIC
SEMICONDUCTORS
In classical solid-state physics, the electronic properties of e.g. a semiconductor are
typicaly derived through two diferent paths: Either one uses a macroscopic approach
such as the Kronig-Penney model, which derives the material’s band structure from the
periodic potential of the entire crystal latice using Bloch’s theorem, or a microscopic
approach such as the tight-binding approximation, where the band structure of the solid is
extrapolated from the wave function overlaps of two nearest neighbours in the crystal [12].
Both methods lead to a clearly deﬁned band structure of the material under investigation.
For a semiconductor, such as Si, this yields clearly deﬁned valence and conduction bands,
with the Fermi level inside the energy gap between those two bands. For the case of
organic semiconductors, the determination of the energy levels relevant for transport
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issomewhatmorecomplexowingtothecomplexityofthemoleculesthemselves.In
ordertounderstandthefundamentalnatureoforganicsemiconductingcompounds,one
thereforeneedstoﬁrstunderstandthenatureofintra-molecularbonds.
1.1.1.INTRA-MOLECULARBONDSANDENERGYLEVELS
Onecanilustratethebasicprinciplesofenergylevelformationandintra-molecularbonds
bythesimpleconstructoftheionisedhydrogenmolecule1:Assumingamoleculewith
twohydrogenatomsAandBandasingleelectronsharedbetweenthem,thetotalwave
functionofthesystemwilhavetheformΨ=Ψ(RA,RB,r)andobeystheSchrödinger
equation,suchthat
HˆΨ=HˆrΨ+HˆRAΨ+HˆRBΨ=EΨ (1.1)
whereRAandRBarethepositionvectorsofthetwohydrogennucleiandrrepresentsthe
positionvectoroftheelectron.Thisanalyticalyunsolvableexpression2canbesimpliﬁed
bytheBorn-Oppenheimerapproximation[14],whereitisassumedthatthemotionofthe
nucleiissigniﬁcantlyslowerthanthatoftheelectron,owingtothegreatdiferencein
masses.Folowingthisapproach,thewavefunctioncanbeexpressedasΨ(RA,RB,r)=
Ψ(RA,RB)Ψ(r),sothatequ.1.1canbesimpliﬁedto
HˆΨ=HˆelecΨ(r)+HˆvibrΨ(RA,RB)=EelecΨ(r)+EvibrΨ(RA,RB) (1.2)
whichisnowseparatedintoanelectronicandavibronicpart.Theelectronicpartcanbe
solvedanalyticalybyuseofthelinearcombinationofatomicorbitals(LCAO)methodto
yield
Ψ(r)=cAΨA+cBΨB (1.3)
whereΨAandΨBaretheatomicwavefunctionsofthehydrogenatoms(forexampleof
the1sorbitals)andcAandcBaretherespectiveexpansioncoefﬁcients.Thesehavethe
alowedsolutionscA=±cBandthusdeﬁnethesymmetricandanti-symmetricmolecular
wavefunctions,denotedasΨ+andΨ−.Theenergyeigenvaluesrelatedtothesewave
1Forabasic,butexcelentdiscussionoftheionisedhydrogenmoleculeanditsimplicationsforthebenzene
ringandelectronicmovementinacrystallatice,theinterestedreaderisalsoreferedtochapters10and
13ofref.[13]
2TheHamiltoniansinequ.1.1containboththekineticandpotentialenergiesofthenucleiandtheelectron.
Sincethesearenotindependentfortheindividualcomponents,ananalyticsolutionforΨcannotbefound.
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functions represent the energies of a bonding and anti-bonding state of the hydrogen
molecule and thus result in two distinct energy levels with an energy gap in-between, as
shown in ﬁgure 1.2. In a typical organic compound, the situation is naturaly much more
complex, owing to the presence of several atoms with considerably more than just one
electron. Here, more involved methods, e.g. density functional theory (DFT), have to be
employed to obtain the electronic structure of the system.
A B 
!+
!"
A B 
!+2
!"2
B 
1s 
A 
1s 
anti-bonding 
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E 
Figure 1.2.:(a) Schematic representation of the bonding and anti-bonding wave functions in
a hydrogen molecule with hydrogen atoms at positions A and B. (b) Energy level
diagram of the ionised hydrogen molecule as given by the energy eigenvalues
of the wave functions depicted in (a).
What sets organic semiconductors apart from other organic compounds is the fact
that they possess so-caledconjugatedπ-systems.This term refers to a special set of
delocalised electrons occuring in certain organic molecule conﬁgurations, such as the
benzene ring. Carbon atoms in a benzene ring are covalently bound to one another and to
one hydrogen atom per carbon atom, as shown in ﬁgure 1.3 (a). The bonds in this case are
provided by the so-caledsp2-hybridisation,i.e. by a mixing of the2sand2px,yorbitals of
the respective carbon atoms. The majority of electrons present in the benzene ring are
bound in these hybrid orbitals and thus form the covalentσ-bonds of the benzene ring
(with binding energies of 1 - 7 eV and bond lengths of 0.1 - 0.3 nm [9]). A smal number
of electrons, however, remains in the2pz-orbitals, which orientate perpendicularly to the
ring-plane. These electrons are delocalised with respect to the carbon atoms and form the
so-caledπ-bonds. It is this delocalisation of a smal number of electrons with respect to
the molecule which gives certain organic compounds their semiconducting properties.
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(a) 
(b) 
Figure1.3.:(a)Schematicrepresentationofanethenemoleculewithitssp2hybridisation
orbitalsformingσ-bondsandpz-orbitalsformingπ-bonds.Relatedenergydia-
gramsareshownontheright.(b)Abenzeneringwithdelocalisedπ-electrons
shownasyelowringsaboveandbelowthecarbonatomplane.HOMOand
LUMOformationisshownontheright.Figurestakenfromref.[15].
Inanalogytotheconductionandvalencebandknowninclassicalsemiconductors,the
π-bondsprovideaseriesofenergylevels.Thehighestoccupiedmolecularorbital(HOMO)
isequivalentinthispicturetothevalenceband,whereasthelowestunoccupiedmolecular
orbital(LUMO)isequivalenttotheconductionband.Thesizeoftheenergygapbetween
thesetwostatesdependslargelyonthespatialextendoftheconjugatedπ-system:The
moreextendedtheπ-system,thesmalerthebandgapoftheorganicsemiconductor.
AccordingtoKoopmans’theorem[16],itisfurtherpossibletorelateHOMOandLUMOto
theexperimentalquantitiesofionisationpotential(IP)andelectronafﬁnity(EA).
Sofar,thepropertiesofsingleorganicmoleculeshavebeenconsideredandtheformation
ofintra-molecularbondsandenergylevelshasbeenexplained.Inthenextparagraph,the
inter-molecularforcesleadingtotheformationoforganicsolidswilbrieﬂybediscussed.
1.1.2.INTER-MOLECULARBONDSANDTHEFORMATIONOFORGANICSOLIDS
Sinceanorganicsolidconsistsofmanymolecules,whichareplacedindirectvicinityof
eachother,itisobviousthatsomeofthepropertiesderivedforsinglemoleculesmay
changewhenobservingamacroscopicsystemofthesesamemolecules.Indeed,the
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HOMOandLUMOdeterminedforanorganicsoliddiferfromthoseofindividualmolecules
inthegasphase[17].Inthiscontext,theafore-mentionedapproximationoftheHOMO
andLUMObytheionisationpotentialandelectronafﬁnityseemsconsiderablymore
sensibleandisthereforeusedtodeterminetheHOMOandLUMOofrealorganicsolids
experimentaly(e.g.byultravioletphotonspectroscopy,UPS).
TheindividualmoleculesofanorganicsolidareheldtogetherbytheweakvanderWaals
forces(bindingenergyapprox.100meV).Theseforces,liketheformationoftheHOMO
andLUMOstates,arearesultofthedelocalisedπ-electrons:Duetoﬂuctuationsinthe
electrondistribution,atemporarydipolecanformonaspeciﬁcmolecule,whichmay
temporarilypolarisethemoleculessuroundingit.ThisleadstoCoulombatractionswhich
areweakandshort-lived,yetsufﬁcienttobindindividualmoleculestooneanothertoform
anorganicsolid.Polarorganicmoleculesarefurtherboundtogetherbythemuchstronger
permanentdipoleinteraction.
Foramoreextensivediscussionoftheinter-molecularbondsoforganicsemiconductors,
theinterestedreaderisreferedtoref.[9].Sufﬁceittosayforthepurposeofthisthesis
thatthestrengthoftheseinter-molecularbondsdeterminesmacroscopicpropertiesofthe
material,suchasthemeltingorboilingpoint,whichbecomeimportantagaininchapter
4,wherethermalevaporationoforganicsolidsisdiscussedfurther.Inaddition,when
speakingofprocessingorganicsemiconductors,theinteractionstrengthbetweenorganic
moleculesinrelationtotheinteractionwithagivensubstratedeterminesthemorphology
ofthismaterial.
1.1.3.STRUCTUREANDMORPHOLOGY
Organicsemiconductormoleculesaretypicalymuchlesssymmetricthantheirinorganic
counterparts.Consequently,theyoftenformpolycrystalineorevenamorphouslayers
duringprocessing,andalthoughanorganicsinglecrystalisgeneralyeasiertofabricate
thanitsSicounterpart,fabricationmethodsforsuchsinglecrystalsarestilreasonably
involvedandmoresuitableforresearchpurposes3thanforactualmassproduction.If
crystalitesareformedatal,theywilhaveamonoclinicortriclinicsymmetry[20]and
especialytheelectronicpropertiesoforganicsemiconductorsthusdependlargelyon
themorphologyofthelayer,i.e.thewayinwhichtheindividualmoleculesstackontop
3Therearereportsoforganicsinglecrystalswithexcelentelectronicproperties(seee.g.ref.[18,19]).
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of a given substrate. The packing density is often measured by the packing coefﬁcient
CK, introduced in 1973 by Kitaigorodski. It provides a relationship between the unit cel
volume per molecule and the molecular volume and generaly ranges from 0.7 to 0.9 for
smal aromatic compounds such as anthracene or perylene [20]. Some examples of typical
packing structures are shown in ﬁgure 1.4. The simplest way of stacking is a basic vertical
stack of ﬂat molecules, as depicted in ﬁgure 1.4 (a) for TCNQ. In a slightly altered version,
this stack is somewhat tilted due to the molecules being shifted with respect to each other
(compare ﬁgure 1.4 (b). The most complex of these three examples is shown in ﬁgure
1.4 (c): This is the so-caledheringbone structure, which originates from a variation of the
tilting angle for each vertical stack.
(c) (b) (a) 
Figure 1.4.:Examples of diferent packing types for organic crystals: (a) simple vertical
stacking, (b) tilted vertical stacking and (c) heringbone structure.
If one of the ilustrated packing types is predominant in the material ﬁlm and only
the overal orientation of the stack is varied slightly, one speaks of a polycrystaline
ﬁlm, where the individual crystal domains are deﬁned by regions of identical packing. In
contrast, amorphous ﬁlms are deﬁned as ﬁlms with a large variety of molecular orientations
and inter-molecular distances, which may possess a certain short-range order, but are
impossible to characterise by any kind of long-range order. This scenario is refered
to asspatial disorder. In addition, amorphous materials also exhibitenergetic disorder,
which arises from the fact that the energetic environment for each molecule in the ﬁlm is
diferent due to the diferent arangements of nearest neighbour efects. This energetic
disorder leads to broadening of the molecular HOMO and LUMO states by a normal
distribution [21].
The morphology of a layer may change due to deposition conditions, impurities or
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interactionswiththesubstrate,whichalresultinachangeofpackingdensityofthe
moleculeswithinthesolid.Byintroducinglargedisturbancesofsomekind,itisinfact
possibletoforceanoriginalypolycrystalinematerialintoanalmostamorphousgrowth.
Thiswilbeexaminedfurtherinchapter5ofthisthesisforthecaseofpentacene.
1.2.CHARGECARRIERTRANSPORT
Chargecariertransportinorganicsemiconductorsissomewhatdiferenttotheband
transportofquasi-freeelectronsknownfromclassicalsemiconductorphysics.Thissection
thereforeaimstogiveabasicunderstandingofthechargetransportmechanismsof
organicsemiconductors.Itis,however,farbeyondthescopeofthisworktodiscussal
theoriesrelatedtothisarea,sincechargetransportinorganicmaterialsisstilamaterof
muchdiscussion.Amoredetailedtreatmentofthesematerscanbefoundintextbooks
andreviews,e.g.inref.[7,9,22,23].
1.2.1.QUASI-PARTICLES-POLARONSANDEXCITONS
Intheprevioussection,itwasstatedthattheπ-electronsofabenzeneringaredelocalised
withrespecttotheatomsinsidethisringandareresponsibleforchargecariertransportin
organicsemiconductors. Whilethisgeneralstatementistrue,theactualtransportprocess
isfarmorecomplexthanmightbeexpectedatﬁrstglance:Theπ-electronsareindeed
delocalisedwithrespecttotheatomsinsideaspeciﬁcbenzenering,butwhenconsidering
anorganicsolid,thesesameπ-electronsaretightlyboundtotheirindividualbenzenerings.
Theorganicsemiconductorthusonlytransportschargeswhichhavebeeninjectedinsome
way,eitherbyapplicationofanexternalﬁeld,byiluminationorbydoping.Theseexcess
chargesmaybeeitherpositiveornegative,thatistosayonecaninjectanexcesselectron
intotheLUMO,thusformingananiononaspeciﬁcmolecule,orextractanelectronfrom
theHOMO,whichleavesavacancy(hole)andformsacation.Thepresenceoftheexcess
chargeforcestheneighbouringmoleculestoundergocertainrelaxationprocessesinorder
toariveatanewenergeticalystablestate.Inordertoaccountforthisphenomenonin
transporttheories,theconceptofpolaronswasintroduced.Thepolaronisaquasi-particle
incorporatingtheactualchargecarieritselfaswelastherelaxationprocessesassociated
withit. Onecandistinguishthreetypesofpolaronsbasedonthediferentrelaxation
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processeswhichcanoccurwhenachargecariermovestoaspeciﬁcmoleculeand
remainsthere:electronicpolarisation,vibronicrelaxationandlaticerelaxation.
Electronicpolarisationofthesurounding moleculesresultsintheformationofan
electronicpolaronandoccursontimescalesof10-16sto10-15s,i.e.muchfasterthan
thetypicaltimespentonanindividualmoleculebythechargecarierinquestion[9,24].
Vibronicpolaronsareformedbypreciselythoseintra-molecularvibrationsinequ.1.2
whichhavebeenexcludedintheionisedhydrogenmoleculebytheBorn-Oppenheimer
approximation.Theserelaxationprocesseshaveatimeconstantof10-14s[24].Asthis
isapproximatelythesameorderastheaveragetimewhichachargecarierspendson
amolecule,vibronicrelaxationsmaynotalwaysbecompletedbeforethechargecarier
movestoadiferentsite.Thelastrelaxationprocessiscausedbyphononinteractionswith
thechargecarier’swavefunction.Thetimescaleforthisprocessisontheorderof10-11s
andtheinteractionenergyisonly0.1to0.3eV,makingthistypeofinteractionvirtualy
negligibleinsomematerials.Thepresenceofthesepolaronicefectsleadstoachangein
energylevelsofthesuroundingmolecules.Consequently,theHOMOandLUMOofthe
organicsoliddiferfromthoseofasinglemoleculeunderthepresenceofpolarons,where
themagnitudeoftheinﬂuencedependsinverselyonthetimeconstant.Thetotalbinding
energy,andthusthespatialextendofthepolaron,isalsodeterminedbythemagnitudeof
eachcontribution.Unlikeinorganicsemiconductors,vibronicandlaticepolaronefects
playaconsiderableroleinorganicsemiconductors.Thuschargecariertransportgeneraly
takesplaceastransportofpolarons(witheitherholesorelectronsattheircentre)inthese
materials.Forsimplicity,theremainderofthisworkwilusetheterms“electron”and
“hole”asbeingequivalenttotherespectivepolarons,onlythesectionconcerningthe
diferenttransportmodelswilexplicitlyrequirethepolaronpictureonceagain.
Anotherquasi-particleassociatedwithpolaronformationistheexciton.Thisconsti-
tutesanelectron-holepairboundbyCoulombinteractionandoccursmostoftenduring
iluminationofasemiconductor(bothorganicandinorganic),wherephotonabsorption
leadstoexcitationofelectronsintohigherorbitals.Otherroutestoexcitonformationare
thecaptureoffreecariers(ashappensforexampleintheemissionlayersofOLEDs)or
electricaldoping.Thepolarisationofthesuroundingmaterialcausestheformationofan
energeticalyfavourableboundstateoftheelectronandresultantholeandthusleadsto
anelectricalyneutralquasi-particlewhichisabletomovethroughthesolid.Theexact
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(a) (b) (c) 
Figure 1.5.:Schematic representation of the three types of excitons: (a) Wannier-Mot
exciton in an inorganic latice, (b) charge transfer (CT) exciton in an organic
solid, (c) Poole-Frenkel exciton in an organic solid.
binding energy of the exciton is given by the polarisability of the surounding material
and is used as a measure of distinction between three types of excitons: Poole-Frenkel
excitons, charge transfer (CT) excitons and Wannier-Mot excitons (compare ﬁgure 1.5).
The later is typicaly encountered in inorganic materials as it is deﬁned by a binding energy
of approximately 10 - 100 meV, which results from screening of the Coulomb atraction by
a large polarisability of the surounding material. As organic materials are characterised
by low permitivities (εr∼2−6), the exciton binding energies are typicaly much larger,
resulting in the formation of CT excitons or Poole-Frenkel excitons (binding energy 0.1 -
1 eV). While a more extensive treatment of excitons is certainly possible, it shal be omited
here as excitonic transport is not important for the understanding of subsequent chapters.
1.2.2. TRAP STATES
An important point to consider when dealing with organic semiconductors is the presence
oftrap states. A trap state is a point at which the local energy is signiﬁcantly lowered with
respect to its suroundings, i.e. more thankBTbeneath the transport level. This low energy
site captures passing charge cariers, which are then localised on this site and no longer
available for transport unless they can be released thermaly (i.e. by phonon scatering).
Once trapped, a charge carier may further hinder charge transport by scatering other free
charge cariers through Coulomb interactions.
The origins of traps are manifold: A trap can be created by any kind of impurity in the
semiconductor, e.g. ionised dopant molecules (see section 1.3), contaminations in the
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materialitself(whichmaypartialybeavoidedbysublimation),remaindersofanykind
ofsolventusedduringprocessingorsimplydegradedsemiconductormolecules.Traps
arealsoformedbymorphologicalvariations,i.e.atgrainboundariesorinthevicinityof
materialinterfaces.Inthecaseofamorphousmaterials,theycanevenbecausedsimply
byahighenergeticdisorder.Intheliterature,trapsareoftenclassiﬁedasshalowordeep,
dependingontheirdistancefromtherespectivetransportlevel.Shalowtrapstypicaly
originatefromthestaticdisorderofamaterialandthusfromtailstatesofthedensityof
states(DOS),whiledeeptrapsaremoreoftenassociatedwithchemicalimpurities.
Thedistributionoftrapsinagivenmaterialcanbeinvestigatedbyvariousmethods,
e.g.impedancespectroscopy[25,26]orthethermalystimulatedcurent(TSC)method
[27,28].Inimpedancespectroscopy,thetrapdistributionisaccessedviaasmalsignalAC
biaswithavaryingfrequency,wherethesemiconductoristreatedasacapacitiveelement.
Thecapacitancethenchangesasafunctionoffrequency,sincethetimeconstantfor
carierreleaseisinverselyproportionaltothetrapdepth.InTSC,trapsareﬁrstﬁled
eitherviainjectionoriluminationandsubsequentlyemptiedbyslowlyincreasingthe
sampletemperature.Theresultantcurentismeasuredasafunctionoftemperature
andthusyieldsthetrapdepthanddensity.Trapdensityfunctionsaretypicalygivenas
eitherexponential(e.g.asexponentialtailstothetransportlevels)orGaussian(usedmore
oftentodescribediscretetraplevels)andthetotaltrapdistributioninamaterialmaybe
describedasthesuperpositionofseveralofthesefunctions[29].
Aswilbecomeapparentinthenextparagraph,theinvestigationoftrapdistributionsin
organicsemiconductorsisofparticularimportancewhenatemptingtodescribecharge
cariertransportbyatheoreticalmodel.
1.2.3.BANDTRANSPORTORHOPPINGTRANSPORT?
Thedescriptionofchargetransportinanorganicsemiconductoriseverythingbuttrivial.
Owingtothelargevarietyofmolecularstructuresandﬁlmmorphologies,aglobaltransport
theorywouldneedtobeabletobridgethegapbetweenhighlyorderedmaterials,which
mayevenbesingle-crystaline,andincreasinglyamorphousmaterialswithconsiderable
staticenergeticdisorder.Thedifﬁcultieswhichthispresentsareperhapsbestilustrated
usingtheexampleofchargecariermobility.Intheclassicalsense,thechargecarier
mobilityµisamaterial-speciﬁcparameterwhichdescribestheabilityofachargecarierto
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movethroughamaterialunderanexternalﬁeld.Inaninorganicsemiconductorwithweak
electron-phononcouplingandthusastandardBlochelectronbehaviour,themobilityµis
expressedbytheDrudemodelas
µ=eτ(T)m* (1.4)
whereeistheelementarycharge,τ(T)isthetemperature-dependentmeantimebetween
colisionsofthechargecarierwithanimpuritysiteorphononandm*istheefectivemass
ofthecarieroriginatingfrombanddispersion.Foranidealbandtransport,themobility
shouldthenpresentaninversetemperaturedependenceoftheformµ∼T−3/2[30]at
hightemperatures,owingtoincreasingchargecarierscateringbyphonons,whileatvery
lowtemperatures,themobilitybehavesasµ∼T3/2duetothermalactivationofshalow
traps.Ultra-pureorganicsinglecrystalsdoindeeddisplaysucharelationship,asshown
inﬁgure1.6foraperylenecrystal.Justlikerealinorganicsemiconductorshowever,they
dodepartfromtheµ∼T3/2dependenceinthelowtemperatureregimeduetobroader
distributionsofshalowtraps(ratherthanthesingleshalowtrapassumedfortheideal
scenario)[19].Suchsystemsofultra-pureorganicsinglecrystalswithband-liketransport
ofnearlyfreechargecariershaveshownlow-temperaturechargecariermobilitiesofup
to400cm2/Vs[19].
Mostorganicsolids,however,arefarfrompureandmoreoverpolycrystalineoramorph-
ous,withaconsiderablestaticdisorder.Theyconsequentlyshowlowermobilitiesof
theorder10-5cm2/Vsto1cm2/Vs4andhaveatemperaturedependenceoppositetothat
ofultra-purecrystals:Themobilityincreaseswithincreasingtemperature.Itisbelieved
thatthelargeenergeticdisorderinthesematerialsresultsnotintheformationofclearly
deﬁnedenergeticbands,butinabroaddistributionofmolecularHOMOsandLUMOs.
Asaconsequence,itisnotpossibletodescribechargecariertransportbythecommon
bandtransportmodelassociatedwithdelocalisedchargecariersascoherentBlochwaves.
Instead,chargecariersarelocalisedonindividualmoleculesandmay“hop”toaneigh-
bouringmoleculeonlyiftheenergeticbarierbetweenthesemoleculescanbeovercome
bythermalactivation(seeﬁgure1.7).
Severalmodelshavebeenpresentedintheliteraturewhichdealspeciﬁcalywitheither
highlycrystalineoramorphousmaterials,i.e.withsystemswhichpresenteitheronly
4Morerecentefortstoincreasechargecariermobilityforpolycrystalinesystemshaveresultedinmobilities
ashighas43cm2/VsforC8-BTBT[32],butagaintheapplicabilityoftheprocessingmethodtomass
manufacturingisquestionable.
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Figure 1.6.:Electron mobility as a function of temperature in perylene in an oblique crys-
talographic direction [E,a=45(1)°,E,b=66(1)°,E,c*=55(1)°; sample thick-
ness was 370(10)µm]. The broken line is a ﬁt with the Hoesterey-Letson type
shalow trapping model [31] with the parameters trap depth,Etr= 17.5 meV,
and trap concentration,Ntr/Nb=5x10-4mol/mol. Reprinted from ref. [19]
with permission of Springer.
x 
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Figure 1.7.:Schematic representation of hopping transport in an energeticaly disordered
organic semiconductor subjected to an external electric ﬁeldF.
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dynamicdisorder(athightemperatures)orstaticanddynamicdisorder.Transportthrough
organicsinglecrystalsisoftendescribedtheoreticalybytheHolsteinmodel[33,34]or
derivationsthereof.ThismodelisderivedfromtheHamiltonianofanelectron-phonon
systeminorganicsolids,which,assuminglinearinteraction,takestheform
H=H0el+H0ph+Φlocalel-ph+Φnonlocalel-ph (1.5)
Byexcludingthenonlocalelectron-phononcouplingterm,Holsteinderivedatransport
modelwhichexplicitlydescribesatransitionfrompurebandtransportatlowtemperatures
toasmal-polaronhoppingtransportattemperatureshigherthantheDebyetemperature
ofthesolid.Thisresultsintwoseparateexpressionsofthemobilityforband-likeand
hoppingtransport[22]:
µband=ea
2ω0
kBT
g2csch( ω0)/(2kBT)
π exp −2g
2csch ω02kBT (1.6)
µhop= ea
2J2
2ω0kBT
π
g2csch( ω0)/(2kBT)exp −2g
2tanh ω04kBT (1.7)
Here,ω0isthephononfrequencyandg,aandJaretheelectron-phononcouplingconstant,
thespacingbetweenmoleculesandthetransferintegral.Alothervariablesandconstants
havetheirusualmeanings.Laterworkse.g.byHannewaldetal.[35],MunnandSilbey[36]
andOrtmannetal.[37,38]aimtoimproveHolsteinsmodelbyincludingalsothenonlocal
electron-phononcouplingandthusmakingthemodelmoregeneralyapplicable.
TransportthroughstrictlyamorphousmaterialswasﬁrstdescribedbyMilerandAbra-
hamsin1960.Theyproposedamechanismbasedonphonon-assistedpolarontunnel-
ling[39],whichalowedforthermalyactivatedhoppingtoanearestneighbourpositionas
welasso-caledvariablerangehoppingtospatialyremote,butenergeticalyfavourable
states.Inthiscontext,theenergeticdisorderofthesystemandthustheactivationener-
giesfortheindividualhoppingprocessesarerepresentedbyasetofrandomlydistributed
resistors.Basedonthisprincipleofsimulatinganenergeticalydisorderedmaterial,Vissen-
bergandMaterspresentedapercolationmodelfortheﬁeld-efectmobilitydeterminedin
OFETsbasedonamorphousmaterials[40].Theyassumedthatthehighcarierconcen-
trationintheactivechannelregionofanOFETwouldleadtotheﬁlingofmorelocalised
statesandactualtraps,sothatanyexcesschargecarierswouldoccupyhighertransport
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states.Throughthismechanism,theactivationenergyforhopsoftheseexcesscariers
wouldbesigniﬁcantlyreduced.Consequently,themajorityofchargecariersactualy
contributingtotransportinOFETswould,bythistheory,bethoseoftheexponentialtails
intheotherwiseGaussiandensityofstates(DOS).Perhapsthemostcommonlyused
hoppingtransportmodeltodayisthatofBässleretal.[41],whichdescribestheso-caled
diagonaldisorder,i.e.theGaussianDOSrepresentingstaticdisorder,as
G(E)=(2π˜σ)−1/2exp −E
2
2˜σ2 (1.8)
whichhasthewidthσ˜.Hoppingbetweentworandomsitesiandjisthendescribedby
thehoppingrateνij,whichisconstant,ifthecarierhopstoasiteoflowerenergy,and
temperature-dependent(withaBoltzmannterm),ifthehopoccursacrosstoasitewith
higherenergy:
νij=ν0exp −2γBa∆Rija


1 εj<εi
exp −εj−εikBT ;εj>εi
(1.9)
Here,ν0isaconstantpre-factor,γBandaaretheinverseBohrradiusandtheaverage
laticedistance,∆Rijistheabsolutedistancebetweenthetwohoppingsites,kBandT
havetheirusualmeaningandεiandεjaretheenergiesofthetwosites.Thismodelhas
beendevelopedfurtherbyNovikovetal.throughconsiderationofthespatialcorelation
ofcharge-dipoleinteractions[42]andbyPasveeretal.[43],whosesimulationofhopping
transportinpolymerswithasimpleuncorelatedGaussiandisordermodel(GDM)was
abletoreproduceexperimentalresultsinawiderangeofappliedﬁelds,temperaturesand
chargecarierdensities.
Horowitzetal.suggestedamultipletrappingandrelease(MTR)model,workingfromthe
assumptionthatratherthandescribinghoppingtransportbymeansofGaussiandisorder
oftherelevanttransportstates,oneshouldconsideradistributionoftrapsasthelimiting
factorinrealdevices[44].Theylatermodiﬁedthismodel,basedonexperimentalﬁndings,
toarguethattransportinpolycrystalineOFETscanbedescribedbytrap-freehopping
withinindividualgrains,butislimitedbylargetrapdistributionsatthegrainboundaries,
whichcorelateswel withthetemperaturedependenceofthemobilityobservedintheir
devices[45].
Itisevidentfromthesefewexamplesoftransporttheoriesthatthetransportmechan-
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ismsthemselvesarealreadyamaterofmuchdiscussion. Whichmechanismisdominant
inaspeciﬁcmaterialsystemordevice,however,isanaltogethermuchmorecomplexmat-
ter,asthisdependsnotonlyontheintrinsicpropertiesofthematerial,butalsoonitspurity
andgrowthconditions.Severalmeasurementtechniques,suchasopticalspectroscopy,
Seebeckmeasurements,electronspinresonance(ESR)orHalefectmeasurements
canandshouldbeemployedtoinvestigatetheexacttransportmechanisms,sincethe
temperaturedependenceofe.g.theﬁeld-efectmobility,whilebeingaﬁrstindicatorfor
eitherhoppingorbandtransport,doesnotautomaticalygiveahinttothecorecttransport
model[7].
DEPENDENCEONCHARGECARRIERDENSITYANDELECTRICFIELDSTRENGTH
TheBässlermodelincludesnotonlyatemperaturedependenceofthemobility,but
alsoadependenceonelectricﬁeldstrengthF,sincethehoppingrateismodiﬁedunder
applicationofstrongelectricﬁelds(hoppingalongtheﬁeldbecomesmoreprobabledueto
newpossiblepercolationpaths,whilehoppingagainsttheﬁeldislesslikelytooccur).The
resultantmobilitycanthusbeexpresseda
µF,T =µ0exp − 2σE3kBT
2
+C σEkBT
2
−Σ2 √F (1.10)
whereσEandΣdescribetheenergeticandspatialdisorderofthesemiconductorandC
isanempiricalconstantestimatedtobe2.9x10-4√cm/V.µ0representsthemobilityof
thematerialatzeroﬁeld.Asimilarexpressionhasalsobeenderivedinanalogytothe
Poole-FrenkellawandisthuscaledthePoole-Frenkelmodel[46,47]:
µ(F,T)=µ∞exp ∆0−βPF
√F
kBTef with
1
Tef =
1
T−
1
T0 (1.11)
Here,µ∞,∆0,βPFandT0areconstants.InthecaseofthePoole-Frenkelmobility,itis
assumedthattheﬁelddependenceoriginatesfromabarierloweringbetweenhopping
sites.ForsmalF,themobilityisoftenobservedtobecomeﬁeld-independent[43,48,49].
Adependenceofmobilityonchargecarierdensityhasalsobeenreported[41,50–52],
whichmaybeexplainedusingtheargumentofstateoccupation:Atlowchargecarier
densities,stateswithlowenergytendtobeﬁledﬁrstanditisonlyatincreasingcharge
carierdensitiesthathigherlyingstatesareoccupied.Consideringthehoppingmechanism,
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thesehigherlyingstateshaveahigherhoppingrateandthushighermobility.Thisefective
dependenceonchargecarierdensityhasbeenincorporatedbyPasveeretal.intothe
empiricalexpression
µ(T,F,n)=µ0(T)·f(F,T)·g(n,T)
withµ0(T)=a
2ν0e
σE c1exp −c2
σE
kBT
2
f(F,T)=exp

0.44 σEkBT
3/2
−2.2

 1+0.8 FeaσE
2
−1




g(n,T)=exp12
σE
kBT
2
−σEkBT 2na
3 δ
δ=2 kBTσE
2
ln σEkBT
2
−σEkBT −lnln4 (1.12)
wherec1andc2areempiricalmaterialparameters,aistheefectivelaticeconstantandν0
andσEaredeﬁnedinthesamewayasbefore[43].ThisisalsoreferedtoastheExtended
GaussianDisorderModel(EGDM).
Itispossibletodetermineexperimentalywhichofthesemodelsappliestoaspeciﬁc
materialunderthegivenmeasurementanddeviceconditions.Amethodfordoingsowil
bepresentedinchapter4ofthisthesis.
1.3.DOPINGOFORGANICSEMICONDUCTORS
Thetermdopingreferstotheintentionaladditionofimpuritiesintothesemiconductor
matrixinordertoincreaseelectricalconductivitybywayofprovidingadditionalfreecharge
cariers.Thisconcepthasbeenadoptedverysuccessfulyininorganicsemiconductorsand
isnowakeycomponentinthemanufacturingprocessofmanysemiconductordevices,
e.g.in MOSFETtechnology[30].Thissameconceptmayalsobeappliedtoorganic
semiconductorsandtheirrelateddevices.Here,however,ratherthanhavingalimited
numberofatomicdopantstochoosefrom,thevarietyofsuitablematerialsforeither
n-typeorp-typedopingisquitelarge,sinceorganicsemiconductorscanbedopedby
otherorganicmolecules,smalatomsandevencertainmetalcomplexes.Agoodgeneral
discussionofthistopiccanbefoundforexampleinref.[7,20].
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Thedopingprocessinorganicsemiconductorsis,inessence,similartothatofinorganic
semiconductors. DopantatomsormoleculesarechosensuchthattheLUMOofthe
dopantisdeeperthantheHOMOofthematrix(forp-typedoping)ortheHOMOofthe
dopantshalowerthantheLUMOofthematrix(forn-typedoping).Forthecaseofp-type
doping,thisresultsinthetransferofanelectronfromthematrixHOMOtothedopant
LUMO,whichproducesanadditionalholeinthematrix.Ap-dopantisthereforealso
referedtoasanelectronacceptor.Inthen-dopingprocess,electronsaretransfered
fromthedopantHOMOintothematrixLUMOsothattheyareavailableforcharge
transport.n-dopantsareconsequentlyalsocaledelectrondonors.However,whilecharge
cariersgeneratedbythismethodininorganicsemiconductorsaretypicalyfree,thelow
dielectricconstantofmostorganicsemiconductorsgeneralyresultsintheformationofa
CTstate(asdescribedabove),sincethechargecariercreatedinthematrixisstilbound
byCoulombinteractiontoitscounterpartonthedopantmolecule.DissociationofthisCT
stateisthermalyactivated,sothatadopingefﬁciencyoflessthanunitycanbeexpected
formanysystemsatroomtemperature.Thedopingefﬁciency,thatistosaytheratioof
generatedfreechargecariersandtotalnumberofdopantmoleculesinthesystem,is
n-doping: p-doping: 
matrix matrix dopant 
LUMO 
HOMO 
LUMO 
HOMO 
EF shift: 
EF EF 
p-doping 
matrix matrix dopant 
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furtherloweredbythefactthatasuccessfuldopingprocessresultsintheionisationofthe
dopantmolecule,whichmaythenactasatraporscateringcentreforfreechargecariers.
Figure1.8.:Schematicrepresentationofthep-(topleft)andn-doping(topright)processin
organicsemiconductorsandtheresultantFermilevelshift(botom).
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Ifthedopingprocessissuccessful,i.e.ifthedensityoffreechargecariers,n,is
increased,thisraisestheconductivityofthematrix-dopantsystem,since
σ=neµ (1.13)
whereσistheconductivity,etheelementarychargeandµthechargecariermobility.
AriseinnfurtherhastheefectofshiftingtheFermilevelEFofthematrixtowardsthe
respectivetransportstate,asshowninﬁgure1.8.Experimentaly,ariseinncanbe
investigatede.g.bymeasuringthechangeindepletionzonewidthupondopinginp-i-n
orn-i-pdiodes,asdonee.g.byOlthofetal.[53],anditsefectsonconductivitymaybe
investigatedbyconductivitymeasurementsoneitherpurelayersofthematrix-dopant
systemorinanOFETgeometry,aswilbedemonstratedinchapter7.Theenergetic
distancebetweentheFermilevelandtherespectivetransportstate,denotedasφ,maybe
investigatedbytheSeebeckefectorultravioletphotoelectronspectroscopy(UPS)[53,54].
Firstsuccessfuldemonstrationsofdopinginorganicsemiconductorswereprovidedby
Yamamotoetal.,whoemployedstronglyoxidisinggasesasp-dopants[55]andHaddonet
al.,whousedalkalimetalsforn-typedoping[56]. Whilebothapproachesdemonstrated
thedesiredriseinconductivity,however,thedopingefectwasfoundtobeunstable,since
thesmaldopantatomsdifusedintothematrix.Furthermore,theexactcontrolofthe
dopingratioprovedverydifﬁcultforsuchsmalatomicdopants.Laterefortstoinvestigate
dopinginorganicsemiconductorsthusfocusedonlargermoleculardopantsandmetal
complexes.Nowadays,moleculardopingisusedinOLEDs[57–61]andOPV[62–64]to
enhancethebulkconductivitythroughelectronandholetransportlayers.Ithasfurther
beendemonstratedtoenhancechargecarierinjectioninOFETs(seesection2.3)and
evenchangeanormalyn-typematerialtoap-typematerialforOFEToperation[65].
Whiletheseresultsareconclusiveproofthatmoleculardopingoforganicsemiconductors
ispossible,thedopingprocessitselfisnotyetfulyunderstood.Forone,theexact
moleculararangementindopedﬁlmsisunclearformanysystems. Whileatomicdopants
ininorganicsemiconductorsgeneralysitonthelaticesites,i.e.replacematrixatoms,the
largevarietyoforganicdopantsandmatrixmaterialsalikemakesitdifﬁculttocometoa
generalunderstandingofhowdopantandmatrixmix,sincethebehaviourmaybediferent
foreachsystemandwilgreatlyinﬂuencetheelectronicpropertiesofthemixedlayer.
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Clusteringofdopantsforexample,asmayhappenduringevaporation,post-annealingor
simplyduetoageing,canleadtoadecreaseofdopingefﬁciency,sinceonlythedopants
indirectcontactwithamatrixmoleculecanaccept/donateelectrons.Atthesametime
however,theoreticalstudiessuggestthattheinteractionofdopantmoleculesmayleadto
anincreaseofdopingefﬁciencyduetoaloweringoftheenergybarierduringCTstate
dissociation[66].Furthermore,successfulp-dopinghasalsobeenobservedformaterial
systemswherethedopantLUMOiswithintheenergygapofthematrix,which-bythe
aboveprocess-shouldpreventelectrontransfertothedopant.Itisbelievedthatthe
dopingefectinsuchscenariosarisesinsteadfromahybridisationofthematrixanddopant
energylevels[67,68],butfurtherstudiesarecertainlynecessarytoconﬁrmtheexact
natureofthedopingprocessforeachindividualsystem.
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2.ORGANICFIELD-EFFECT
TRANSISTORS
Inthischapter,oneofthe mostimportantdevicesinorganicelectronics,theorganic
ﬁeld-efecttransistor(OFET)wilbeintroducedanditsfunctionalprincipleswilbeex-
plainedindetail.AspectsimportantforOFEToperation,suchastheinterfaceformation,
contactresistanceandshort-channelbehaviourwilbediscussedandabriefoverviewof
potentialapplicationsforOFETswilbegiven.
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So far, the basic properties of organic semiconductor materials have been discussed. The
remainder of this chapter wil now deal with the use of these materials in actual electronics
devices, more speciﬁcaly in organic transistors.
An organic transistor is a three-terminal device consisting of a gate electrode and
dielectric, an active semiconductor layer and a source and drain contact. The general
arangement of these components is adapted from inorganic thin-ﬁlm transistor (TFT)
technology, which is why OFETs are often also termed OTFTs (organic thin-ﬁlm transistors)
in the literature. The diferent possibilities of aranging the individual components in an
OFET can be divided into botom-gate and top-gate or botom-contact and top-contact
geometries respectively, as ilustrated in ﬁgure 2.1.
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Figure 2.1.:Cross-sectional representations of the diferent OFET geometries: (a) Bot-
tom-gate, top-contact OFET (also refered to as a botom-gate staggered
OFET); (b) Botom-gate, botom-contact OFET (also refered to as botom-gate,
coplanar OFET); (c) Top-gate, top-contact OFET (also refered to as top-g-
ate staggered OFET); (d) Top-gate, botom-contact OFET (also refered to as
top-gate, coplanar OFET).
The ﬁrst OFETs were realised experimentaly as early as the 1980s [69–71] and have
since then atracted considerable atention, both as a tool for material characterisation
and as a research area in its own right, with a large variety of possible applications. As
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withorganicLEDsandsolarcels,thekeyfeaturesofthistechnologyareitspotential
formanufacturingonﬂexiblesubstratesanditslowcostduetotheverysmalamounts
ofmaterialsusedinactualdevices.Indeed,intermsoforganicmaterialusage,the
OFETmaywelbeoneofthecheapestorganicelectronicdevices,sinceasinglelayerof
semiconductor,typicalylessthan100nmthick,incombinationwithequalythickmetal
contacts,aswelasanoxideorpolymergatedielectricissufﬁcienttobuildaworking
device.Anevensimplersetupistheorganicmetal-semiconductorﬁeld-efecttransistor
(OMESFET)[72,73],whichisdiferentfromtheconventionalOFETonlyinthesensethat
ithasnogatedielectricandthegateelectrodeisindirectcontactwiththeactivelayer.
JustliketheOFET,thisgeometryhasbeenadaptedfromsilicontechnology,wherethe
MESFETdevelopedasavariationofthestandardMOSFETconcept.Anotherderivative
ofMOSFETtechnology,thejunctionﬁeld-efecttransistor(JFET)hasbeenabsentfrom
organicelectronicsforaconsiderableamountoftime,sincethedopingtechnologyrequired
tobuildsuchadevicewasnotyetestablished.Onlyrecentadvancesinthecontrolofthe
depletionwidthofanorganicpn-junction[74,75]haveleadtotherealisationoftheorganic
JFET[76].
2.1.OPERATIONALPRINCIPLE
Asﬁgure2.1ilustrates,themostcommonorganictransistor,theOFET(orOTFT)canbe
arangedindiferentgeometries,theonlyrequirementbeingthatthesourceanddrain
contactsbothhaveaninterfacetotheorganicsemiconductorandthatthegateelectrodeis
electricalyseparatedfromthesemiconductorbyasuitablegatedielectric.Alternatively,as
doneforMESFETs,thegatemaybeseparatedelectricalyviaathindepletionlayer,which
naturalyformswhenasemiconductorisbroughtincontactwithametal(seesection2.2).
IncontrasttoMOSFETtechnology,theorganicsemiconductoritselfistypicalyundoped,
i.e.intrinsic.Consequently,mostOFETsoperateinaccumulationmode,i.e.thevoltage
appliedtothegateintheOn-stateofthetransistorissuchthatmajoritychargecariers
areaccumulatedatthegatedielectricinterface(seeﬁgure2.2)toformahighlyconductive
channelregionthroughwhichthemajorityofthecurentﬂowswhenavoltageisapplied
alsobetweensourceanddrain.ThisportionofcurentconstitutestheOn-statecurent
ofthedeviceandcanbecontroledbythegateﬁeld.Theapplicationofanoppositebias
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consequently blocks this curent path and switches the transistor of. A smal portion
of charge cariers, however, is always emited from the source and moves through the
bulk of the organic semiconductor. This constitutes the leakage curent, also caled the
Of-state curent, as it cannot be blocked by the gate ﬁeld and is thus present even when
the transistor is switched of.
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Figure 2.2.:Energy level diagram at the interface between gate, dielectric and a p-type
organic semiconductor: (a) No external bias, this is the equilibrium condition
of the system. (b) A negative external bias results in hole accumulation at the
semiconductor-dielectric interface, this constitutes the On-state of a transistor.
(c) A positive external bias causes depletion of holes at the interface, this
constitutes the Of-state of a normal OFET or depletion regime of a depletion /
inversion OFET. (d) A strong positive bias results in accumulation of electrons,
i.e. minority charge cariers, this is the inversion regime. The quasi-Fermi level
is denoted asEF, the Fermi level of the semiconductor in equilibrium isE0Fandthe workfunction of the metalic gate contact isΦ.
The modulation of the output curentID(the drain curent) by the input voltageVGS,
applied between the source and gate contacts, is described by the so-caledtransconduct-
ance, gm:
gm= ∂ID∂VGS VDS=const. (2.1)
This transconductance can be extracted from the so-caledtransfer curveof a tran-
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sistor,meaningaplotofdraincurentIDversusappliedgatevoltageVGSforaconstant
source-drainvoltageVDS.Itisperhapsthemostfundamentalparameterforcharacterising
theperformanceofatransistor.EventhoughtheoperationmodeofanOFETdifersfrom
thatofastandardMOSFET,itisstilpossible-toagoodapproximationatleast-todescribe
thedraincurentitselfbythestandardMOSFETformalism[8,30],referedtoasthegradual
channelapproximation.Thisframeworkyieldstworegimesoftransistoroperation,the
linearandthesaturationregime.Inthelinearregime,where|VDS|<|VGS−Vth|,thecharge
carierdensityisapproximatelyuniformacrosstheentiretransistorchannelandincreases
linearlywithVDS,consequentlythedraincurentfolowsthesamerelationship:
ID=µCdielWL VGS−VthVDS−
V2DS
2
for|VGS−Vth|>|VDS|(linearregime)(2.2)
Attheso-caledpinch-ofpoint,markedby|VDS|=|VGS−Vth|,achargedepletionzone
beginstoformatthedraincontactduetothereduceddrain-gateﬁeld.AsVDSisincreased
beyondthispoint,thechargedepletionzonebroadens,movingthepinch-ofpointfurther
towardsthesourcecontact.ThepotentialatthispointremainsﬁxedatVGS−Vth,thusthe
transistorcurentbecomesindependentofVDSinthissaturationregime:
ID=µCdielW2L VGS−Vth
2
for|VDS|>|VGS−Vth|>0(saturationregime)(2.3)
Here,µistheﬁeld-efect mobilityoftheactivesemiconductor material,Cdielisthe
capacitanceperunitareaofthegatedielectric,W andLarethewidthandlengthofthe
conductivechannel(givenbythewidthandseparationdistanceofthesourceanddrain
contacts)andVthisthethresholdvoltageofthetransistor.Thislaterparameterhasbeen
adoptedfromtheMOSFETformalismeventhoughitsoriginaldeﬁnitiondoesnothold
forOFETs.InMOSFETdevices,Vthdenotestheminimumgatevoltageatwhichstrong
inversionmaybeachieved[30].SinceOFETsoperateinaccumulationratherthaninversion
mode,itisobviousthatthisdeﬁnitioncannotbeappliedtoOFETdevices.Neverthelessit
isstilpossibletoextractameaningfulvalueforVthfromanOFETtransfercurve(aswil
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be done later in this thesis). This value then denotes the minimumVGSrequired to obtain
’an appreciable drain curent’ [8].
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Figure 2.3.:Equivalent circuit diagram of an OFET (top) and schematic representation of a
staggered botom-gate OFET (botom) with capacitive components indicated
as in the circuit diagram.
In order for equ. 2.2 and 2.3 to corectly describe OFET operation, several criteria must
be met:
1.The resistance of the conductive channel,RChmust be signiﬁcantly larger than the
injection / ejection resistance at the source and drain contacts,RC RCh RC,
2.the charge carier mobility,µ, must be constant, i.e. independent of variations in
electric ﬁeld and / or charge carier density,
3.the distance between the source and drain contacts, i.e. the channel lengthL, must
be much smaler than the widthW of each contactW L,
4.and the vertical source-gate ﬁeld must be signiﬁcantly larger than the lateral source-drain
ﬁeld.
With these assumptions valid, equ. 2.2 and 2.3 can describe the output characteristics of
an ideal OFET, as shown in ﬁgure 2.4 for a device with a threshold voltage of 0.5 V.
Up to this point it has been assumed that the only curent ﬂowing in the OFET is the
lateral curent between source and drain. For an ideal OFET, this is certainly true, but real
OFETs also sufer from a leakage curent between the source and gate electrodes1. In
static conditions, this simply means an additional curent componentIGwhich can be
1This is particularly the case for thin gate dielectrics and dielectric materials with large pinholes.
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(a) (b) 
Figure2.4.:Transfer(a)andoutput(b)characteristicsofanidealOFETwithathreshold
voltageVthof0.5V.Thesaturationandlinearregimesaremarkedinboth
ﬁgureparts.
measuredbetweenthesourceandgateandisVGS-dependent.Underdynamicconditions,
i.e.whenthegatevoltageischangedatafrequencyf,onemustregardthechargeﬂowat
thegateasadisplacementcurentoftheform
iG=∂qG∂t =CG
∂vGS
∂t =(2πfCGvGS)ˆi (2.4)
whereiˆ=√−1,CGistheequivalentgatecapacitanceandiGandvGSaresmalsignal
parameters.Fromequ.2.4itisobviousthatthegatecurentincreaseswithincreasing
switchingfrequency.Afrequency-dependentcurentgainoftheOFET,i.e.theratioof
draincurenttogatecurent,canthusbedeﬁnedas
|iD|
|iG|=
gmvGS
2πfCGvGS=
gm
2πfCG (2.5)
Itisgeneralyacceptedthatatransistorwhosegatecurentishigherthanthedraincurent
maynolongerbeoperatedinasensibleway.Thisimposesanupperlimitonthepossible
switchingfrequencyofanOFET,theso-caledcutoffrequency,fT:
fT=f |iD||iG|=1 =
gm
2πCG (2.6)
TheequivalentgatecapacitanceCGisgivenbythecombinedgate-sourceandgate-drain
capacitancesandmaybedescribed,usingtheMilerefect[77],as
CG=CGS+CGD 1+gmRload (2.7)
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whereRloadistheloadresistanceoftheOFET.Equ.2.7hasaminimumatgmRload∼0,and
soanupperlimitofthecutoffrequencyisgivenby
fT= gm2πCG=
gm
2πCGS+CGD ∼
gm
2πCW L+2LC (2.8)
whereLCisthesource-gateanddrain-gateoverlaplengthandalothervariableshavethe
samemeaningasbefore.Thecutoffrequencycanbedeterminedexperimentalybya
high-frequencycharacterisationoftheOFET.Itmayalsobeestimatedfromtheoperation
ofaringoscilator,asdescribedfurtherinsection2.4.
2.2.FUNCTIONALINTERFACESINOFETS
ItisevidentfromtheabovedescriptionofOFEToperationthatinterfacesinthedeviceare
ofvitalimportancefortheoveralchargeconductionprocess,sincechargecariersﬁrst
havetobeinjectedintotheOFETviaametal-semiconductorinterfaceandthentransported
alonganinsulator-semiconductorinterfaceinordertobeextractedagainattheotherend
ofthechannel.Abriefdiscussionofthesetwoimportantinterfacesthusseemsnecessary.
Amoredetailedtextonthismatermaybefounde.g.inref.[24,78].
2.2.1.DIELECTRIC-SEMICONDUCTORINTERFACE
Thesigniﬁcanceofthedielectric-semiconductorinterfaceisclearfromﬁgure2.2:The
formationoftheconductivechannelregionandthuschargecariertransporthappensin
thedirectvicinityofthisinterface.Thequalityofthisinterfaceandthedielectricasawhole
isthusofparamountimportanceforgoodOFEToperationalreadyatlowdrivingvoltage
VGS.Fortheinterfaceitself,thismeansthatitshouldbeastrap-freeaspossible,whilethe
dielectricitselfshouldhavealargecapacitanceperunitarea(compareequ.2.2and2.3)
Cdiel=εrε0/d.Thelatermaybeachievedeitherbyareductionindielectriclayerthickness
dorbychoiceofamaterialwithahighdielectricconstantεr.Ameasureofthenumberof
trapsatthegatedielectricinterfaceofanOFETisprovidedbytheso-caledsubthreshold
swing.ThiscanbeextractedfromthesubthresholdregionVGS<Vthofthetransistor’s
transfercurveas
S= ∂VGS∂lgID =
kBT
e 1+
eNit
Cdiel ln10 (2.9)
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whereNitisthedensityoftrapsattheinterface.Theterm1+eNit/Cdiel isalsorefered
toastheidealityfactorofthetransistor.AFETwithnointerfacetrapswouldhavean
idealityfactorofone,makingtheidealsubthresholdswingatroomtemperatureequalto
60mV/decade.SiliconMOSFETsoftencomeclosetothisvalueduetothehigh-quality
interfacebetweenSiandSiO2.TheinterfaceoforganicsemiconductorswithSiO2is
usualymuchlessideal,asisalsothecaseformostotheroxidedielectrics,sothatthe
subthresholdswinginOFETsistypicalymuchlarger.
WhilemanyOFETsuseSiO2(εr∼3.9[79]),e.g.onSiwafers,asthegatedielectric,the
subthresholdswinginthesedevicesisindeedconsiderable,whichisatributedtothe
porousnatureofSiO2.ItssurfacecapturesOH-groupswhichthenactaselectrontraps.
Silane-basedself-assemblingmonolayers(SAMs)withhydrophobicend-groupsareusedin
suchcasestopassivatetheoxidesurface[80–82].SeveraloftheseSAMshavetheadded
beneﬁtofimprovingthethin-ﬁlmgrowthofpolycrystalinesmal moleculesemiconductors,
sothattheOFETmobilityisincreasednotonlyduetoadecreaseofNit,butalsoduetoa
morebeneﬁcialmorphologywithlessgrainboundaries[80,81,83].Morerecently,ithas
beendemonstratedthatevencertainsmal moleculescanproducesimilarefects,when
depositedasathinlayerontopofSiO2[84–86],andcanevenfacilitatebipolartransportin
typicalp-typematerials[87,88].
Evenwithsuchsurfacemodiﬁcationshowever,SiO2isnotanidealmaterialforOFET
dielectricsduetothegeneralylargedandsmalεoftheselayers. Morerecenteforts
havethereforeconcentratedondevelopingthinoxidegatedielectricswithhigherε,suchas
e.g.Al2O3(εr=4-9[89–92]),HfO2(εr∼16[93]),TiO2(εr∼21[94]),Ta2O5(εr∼21[95])and
evenaluminium-dopedHfOx(εr=11.5[93]),whichmayadditionalybepaternedtoalow
forintegratedcircuitapplications.Ifdepositede.g.viaatomiclayerdeposition(ALD[96]),
suchhigh-εrdielectricscanformdenselypackedlayerswhichprovideahighbreakdown
stabilityevenatlayerthicknessesbelow50nmandcanthusbeusedtooperateOFETs
below10V.Thedisadvantageofthesematerialsisthatthechargecariermobilityinthe
OFETdropsasthedielectricconstantoftheinsulatorisincreased.Thisefectcanbe
observedforpolymersandsmal moleculesemiconductorsalikeandisatributedtocharge
carierlocalisationduetopolarisationefects[97–99].
Analternativeapproach,whichcircumventsthisissue,arepolymerdielectrics,e.g.PMMA,
PVPorthecommercialcompoundCYTOP.Whilepolymerdielectricsgeneralyhavealower
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εr(approximately2-4onaverage),mostofthesematerialscanbeeasilydepositedfrom
solutionandarethusinterestingformassmanufacturing. Manypolymersadditionaly
provideaverylowdensityofinterfacetrapsandarethusparticularlysuitedforn-type
OFETs,wherechargecariertrappingbyOH-groupsatthegatedielectricinterfaceis
anissue.However,OFEToperationbelow|VGS|=10Visrarelyobservedwithpolymer
dielectricsastheirlowbreakdownﬁeldsandthefrequentoccurenceofpinholesinthin
polymerlayersmakeitnecessarytokeepthedielectriclayerthicknesswelabove50nm.
Thisproblemmaybepartialyovercomebycross-linkingordepositingseveralthinlayersof
thesamepolymer[100,101],yetforverythingatedielectricsitisstiladvisabletochoose
anoxidematerial.
Averypromisingmethodtorealiseverythingatedielectricswithacceptableleakage
curentsistheuseofultra-thinoxidelayersincombinationwithhighlyinsulatingSAMs.
ThegroupofHagenKlauk,forinstance,hasverysuccessfulydemonstratedOFETs
withoperationvoltagesbelow3V,usinga5.7nm-thickdielectricmadeofaSAMand
AlOx,wherethethinAlOxlayerisproducedbyplasmaoxidationoftheAlgateelectrode
[102–104].
2.2.2. METAL-SEMICONDUCTORINTERFACE
Whenametalisbroughtintocontactwithasemiconductorunderequilibriumconditions,
i.e.withnoexternalbiasapplied,thegeneralassumptionfromclassicalsemiconductor
theoryisthatthevacuumlevelsofbothmaterialswilalign,asstatedbytheSchotky-Mot
rule.Inthesameway,theFermilevelofthesemiconductorwilalignwiththemetal
workfunction.Thisre-arangementofenergylevelsleadstoachargedepletionzoneatthe
interface,whichcanwithstandapplicationofanexternalvoltage,yetalowsfortunneling
offreechargecariers.Inthiscase,theelectronandholeinjectionbariersfromthemetal
intothesemiconductorwouldsimplybegivenbytheenergydiferencebetweenthe
semiconductorelectronafﬁnityandthemetalworkfunction/thesemiconductorionisation
potentialandthemetalworkfunction.Thisscenarioisdisplayedinﬁgure2.5(a)andis
oftenassumedtobevalidalsofororganicsemiconductors[78].
However,UPSstudiesonseveralmetal-semiconductorinterfaceshaveshownthat
theSchotky-Motruledoesnotnecessarilyholdforrealinterfaces[24].Instead,an
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Figure2.5.:Energyleveldiagramsforametal-semiconductorinterfaceaccordingtothe
Schotky-Motrule(a)andwithaninterfacedipole,aspredictedbytheBardeen
limit(b).
injectionbariermoresimilartotheBardeenlimit2hasbeenfounde.g.forpentaceneon
gold[105,106]. WhileBardeenatributedtheoriginsofsuchadipoletoalargedensityof
surfacestatescausedbythedanglingbondsininorganicsemiconductors,theabsenceof
preciselythesedanglingbondsatthesurfaceoforganicsemiconductors(duetothestrong
localisationofchargecariers)requiresadiferentexplanationforthedipoleformation.
Possiblereasonsforthedipoleformationinthiscasemaybeachemicalreactionatthe
interface,achargetransferbetweenthemetalandthesemiconductor(theimage-force
efect,alsopresentininorganicsemiconductors),anorientationofpermanentdipoles
intheorganicsemiconductorortheso-caledpilowefect,i.e.acompressionofthetail
statesofthemetalDOS[24,107,108].
CHARGECARRIERINJECTIONUNDERBIAS
Whenanadditionalbiasisapplied(inthecaseofanOFET,thisisVGS),theresultantelectric
ﬁeldFafectsalsothemetal-semiconductorinterfacesoastoenhancechargecarier
injection.Thisisilustratedinﬁgure2.6(a).Theelectricﬁeldprovidedbytheapplied
gatevoltageVGSshiftstheenergylevelsoftheorganicsemiconductorsothattheyform
alineargradient(dashedlineinﬁgure2.6(a).Ase.g.anelectronisinjectedintothe
semiconductoratadistancexfromtheinterface,apositiveimagechargeisformedin
themetal,atthesamedistancefromtheinterface.Thisimagechargecreatesaso-caled
2Inthislimit,theenergybarierheightbecomesindependentofthemetalworkfunctionandisinsteadgiven
byEb=EG−E0F,whereE0Fisthesemiconductor’sFermilevelpinnedbysurfacestates.
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imagepotential
Φimage= e
2
16πεrε0
1
x (2.10)
Thesuperpositionofthisimagepotential(greylineinﬁgure2.6(a)andthepotential
createdbyVGSreducestheinjectionbarierheightby
∆Φ= e3F4πεrε0 (2.11)
Themaximumofthisbarierislocatedatadistancexmfromtheinterface,givenby
xm= e16πεrε0F
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Figure2.6.:InjectionbarierloweringbytheSchotkyefectunderapplicationofanexternal
electricﬁeldF:ΦeandΦB=Φe−∆Φaretheinjectionbarierheightswithout
andwithimagechargelowering.xmdenotesthewidthoftheinjectionbarier.
Interfacedipolesduetoefectsotherthanimagechargeshavebeenexcluded
inthispictureforsimplicity.
Chargecariersmaybeinjectedacrossthisloweredbarierbytwodiferentmechanisms
(seeﬁgure2.6(b):Achargecariermayeitherhavesufﬁcientenergytoovercomethe
barier,whichisreferedtoasthermionicemission,oritmaytunnelthroughthebarier
viatheﬁeld-efect(alsoreferedtoasFowler-Nordheimtunneling).ForrealSchotky
bariers,carierinjectionforchargecarierswithanenergybetweenEFandEF+ΦBis
bestdescribedbythetermthermionicﬁeldemission,asthetwomechanismspresented
abovearerealylimitingcases[9].ThetotalcurentacrosstherealSchotkybariercanbe
estimatedforthecaseeV>3kBTas
I=4πem* kBT
2
h3 exp −
ΦB
kBT exp
eV
γkBT −1 (2.13)
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whereVisthevoltagedropacrossthebarierandγisanidealityfactor(γ=1forideal
Schotkydiodes)[9].
FromthisdiscussionitisevidentthattheheightoftheinjectionbarierattheOFET’s
source/draincontactsisanotherimportantcriterionforOFEToperation. Sincethe
semiconductoritselfisintrinsic,especialyanefﬁcientinjectionisessentialforgood
performance.Thiswilbedealtwithinmoredetailinthenextsection,wherethegeneral
efectsofcontactresistanceonadevicearediscussed.
2.3.CONTACTRESISTANCEANDSHORT-CHANNELEFFECTSIN
OFETS
Thegradualchannelapproximationreliesontheassumptionthatthechannelresistance
isthedominantresistanceinanOFET,i.e.thatresistanceatthecontacts(duetoenergy
bariers)isnegligibleincomparison.Thechannelresistanceisnaturalydeterminedbythe
lengthLofthechannel.L,inturn,isgivenbythedistancebetweenthesourceandthe
draincontactandsotheminimumofLachievableinarealOFETdependsontheresolution
ofthestructuringmethodusedtostructurethesourceanddraincontactsonthesubstrate
/dielectric(forbotom-contactconﬁgurations)ororganicsemiconductor(fortop-contact
conﬁgurations).SincemanyapplicationsofOFETsrequirehighswitchingfrequenciesand
On-statecurents,itisoftendesirabletoreduceLasmuchaspossible.Equaly,materials
withhigherandhigherchargecariermobilitiesarecontinuouslybeingdeveloped(compare
ﬁgure2.9).Theoveralefectisthecontinuousdecreaseofchannelresistanceinreal
OFETs,whichnecessarilymakescontactresistanceanincreasinglyimportantfactorfor
transistorperformance.Furthermore,theaggressivedownscalingoftransistorchannel
lengthleadstotheoccurenceofso-caledshort-channelefects.Sincebothefectswil
beimportantfortheverticaltransistorgeometryinvestigatedinthisthesis,theyshalbe
discussedinmoredetailinthefolowingparagraphs.
2.3.1.CONTACTRESISTANCE
Thetermcontactresistanceactualyrefersverybroadlytoanyresistancethatisnotstrictly
associatedwiththeconductivechannel,butislocatedwithinthedirectvicinityofthe
injection/ejectionarea.Consequently,itcanbeseparatedintotwomajorcontributions:
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•actual injection / ejection resistance due to the Schotky barier at the metal-semi-
conductor interface (see section 2.2)
•resistance of the bulk semiconductor underneath the contacts, which limits the
access to the conductive channel and is also refered to asaccess resistance
While the later is of course absent in coplanar devices (see ﬁgure 2.1 (b) and (c), it must
be considered for staggered geometries and may there contribute signiﬁcantly to the
overal contact resistance. An important factor to consider in this context is the thickness
of the active semiconductor. To reduce access resistance, it is generaly beneﬁcial to keep
the semiconductor layer as thin as possible [109, 110], yet lower limits to the thickness are
often imposed for polycrystaline materials due to the need to form a closed semiconductor
layer in the channel region. Furthermore, as several groups have shown, the deposition
of the metal contacts on top of an organic semiconductor can lead to metal difusion (for
low metal deposition rates), dislodging of organic molecules and even thermal damage to
the organic ﬁlm (at high deposition rates) [109, 111–113]. As Sawabeet al.have argued,
the difusion of Au into Pentacene, while generaly disturbing the energetic order of the
ﬁlm, can also be beneﬁcial, since it provides a series of gap states above the Pentacene
HOMO through which charge carier conduction may take place [111]. This, in the authors’
view, may actualy reduce the contact resistance, rather than increasing it.
        Dielectric 
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       Gate 
         Semiconductor 
Source 
LT 
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ID
Figure 2.7.:Schematic representation of the injection area underneath the source contact
of an OFET with curent ﬂow as proposed by the crowded curent model.
The general efect of the access resistance is described within the crowded curent
model (see ﬁgure 2.7)[114,115]. Here, an efective injection / ejection area of the contacts
is deﬁned, which is smal if the speciﬁc channel resistance per unit area,rChis large
compared to the speciﬁc contact resistance per unit area,rC, but takes the dimensions
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A=WLTwhenrCh<rC.LTistheso-caledtransferlengthoftheOFETandisgivenby
LT= RCWrChcothLC/LT ≈
RCW
rCh forLC LT (2.14)
whereLCisthegate-sourceoverlap.ForthecaseLC<LT,asmayoccurforstructuredgate
electrodes,theOFETwouldindeedbeinjection-limited.Boththecontactresistanceand
transferlengthcanbeaccessedexperimentalyviathetransmissionlinemethod(TLM),
whichwilbeexplainedindetailinsection4.3.2. Measurementsofcontactresistance
usingthistechnique,aswelasresultsfromfour-pointmeasurements,haveshowna
dependenceofcontactresistanceandtransferlengthonVGS[110,116].Thisisconsidered
withinthecrowdedcurentmodel:Anincreasedgatevoltageleadstoaloweringof
thechannelresistance,thusbroadeningtheefectiveemissionarea(i.e.increasingLT).
Furthermore,theconductivityofthebulksemiconductorunderneaththecontactsis
increasedduetoahigherchargecarierdensity, whichisprovidedbygate-induced
charges[115].
InrealOFETdevices,aweakcontactlimitationRC<RCh isoftenobservedand
manifestsitselfasadecreasedsaturationcurentaswelasaweakerincreaseofcurent
inthelinearregime(incomparisontotheidealdevice),asdemonstratedinﬁgure2.8.A
strongcontactlimitationRC>RCh leadstoanon-linearbehaviourofthedraincurentfor
smalVDS.ThisistypicalyonlyobservediftheSchotkybarieratthecontactisparticularly
high(duetoabadchoiceofmaterial)orthetransistorchannelisparticularlyshort.This
secondlimitingcasemustindeedbeconsideredseparately,asitbringsaboutseveral
otherefectsaswel.
Thehigh-frequencyswitchingofOFETsisalsoafectedbycontactresistance.Hoppeet
al.havethereforederivedanexpressionforthecutoffrequencyfTinthelinearregime,
whichaccountsnotonlyfortheoverlapcapacitance,butalsoforcontactresistance[117]:
fT=µVDS2πL2·
L2
L+LT2
· LL+LC (2.15)
Theﬁrsttermofthisexpressionrepresentsthecutoffrequencyobtainedforanideal
OFETwithoutcontactresistanceorparasiticelectrodeoverlap.Thesecondtermmodiﬁes
thisidealcutoffrequencyfortheoccurenceofnoticeablecontactresistanceandthe
thirdtermaccountsfortheparasiticcontactoverlap.Theresultantcutoffrequencyina
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Figure2.8.:OutputcharacteristicsofanidealOFET(dashedlines)andarealOFETwith
weakcontactlimitation(solidlines).
non-idealtransistoristhussigniﬁcantlyloweredbybothefects.
ContactlimitationsinOFETscanbeovercomebycarefulengineeringofthecontacts3.
Thisincludesthecorectchoiceofelectrodematerialanddepositionparametersaswelas
theconceptofcontactdoping.Here,theelectrode-semiconductorinterfaceisselectively
dopedbyinsertingathinlayerofeitherpuredopantoramatrix-dopantsysteminorderto
improveinjectionintothechannelregion.Thishassuccessfulybeendemonstratedby
manygroups[102,119–123].Inparticular,Anteetal.haveshownthereductionofcontact
resistanceforathinlayerofpuredopantandalsodemonstratedareductioninrequired
transferlengthforthedopeddevices.Thisresultisofconsiderableinterest,asitalowsfor
reductionofthesource-gateoverlapandgeneraldownscalingoftheelectrodedimensions,
soastoprovideasmalerparasiticoverlapbetweensourceandgate[102].Theconceptof
contactdoping,aswelasitsexactefectsontransistorperformanceandtheoriginsfor
improvement,wilbediscussedinmoredetailinchapter7.
2.3.2.SHORT-CHANNELBEHAVIOUR
Theso-caledshort-channelbehaviourariseswhenthechannellengthinOFETsisscaled
downsoaggressivelythatthelastassumptionstatedpreviouslyforthegradualchannel
approximationnolongerholds,i.e.whenthesource-draindistancebecomessoshort
thatthesource-drainﬁeldiscomparabletothesource-gateﬁeld.Inadditiontocontact
limitation,thisnaturalyleadstodeviationsfromtheidealOFEToutputcharacteristics
3AcomprehensivereviewoncontactengineeringhasrecentlybeenpublishedbyLiuetal.[118].
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predictedbythegradualchannelapproximation:
•Saturationislostduetothechannellengthmodulationefectandmaybereplaced
byaspace-charge-limitedcurentregime(SCLC)4,
•athresholdvoltagerol-ofisobserved,
•thesubthresholdregionofIDaswelasthemobilityµbecomeVDS-dependent.
Altheseefectshavebeenobservedinexperiment[124–130],yetchannellengthmod-
ulationisperhapsthemostnoticeableoftheseefects.Itarisesfromthefactthatthe
pinch-ofpoint,markingthebeginningofthedepletionzonenearthedrainelectrode,
movesfurtherintothechannelasVDSisincreased,thusreducingtheefectivechannel
length. Whilethisefectalwaystakesplace,alossofsaturationonlyoccurswhenthe
sizeofthedepletionregionbecomescomparabletotheefectivechannellength.The
draincurentthentakesaforwhich,accordingtoLoccietal.,ismoresuitabledescribed
byanSCLCregimeforminginsidetheextendeddepletionzone[130].IfthisSCLCregime
isweak(i.e.ifthedepletionregionbehavesalmostlikeanohmicresistance),agood
approximationofthedraincurentat|VDS|>|VGS−Vth|>0mayalsobegivenbyasimple
linearrelationship:
ID=IsaturationD 1+λVDS (2.16)
whereλisaﬁtparameterwhichisinverselyproportionaltoL.Thethresholdvoltage
rol-ofandtheVDS-dependenceofthesubthresholdregion,aswelasthemobility,can
beexplainedbytheincreasedsigniﬁcanceofthesource-drainﬁeld.Asstatedinsection
2.1,thesource-drainﬁeldcausesacertainamountofchargecarierinjectionintothe
semiconductorbulk,whichisconsideredasleakagecurent.Inshort-channeldevices,due
totheconsiderablyhighersource-drainﬁeld,thisleakagecurentmayinfactrepresenta
majorcontributiontothetotalcurentoftheOFET.Inlimitingcases,thismayevenresult
inachangeofOFEToperationfromnormalyOf-statetonormalyOn-state,sothatthe
gatevoltageisnowrequiredtodepletethetransistorchannel.Itisthereforethisadditional
chargecarierinjectionwhichcausestheobservedthresholdvoltageshiftaswelasthe
4TheSCLCregimedescribesascenariowhereinjectionfromacontactintoanorganicsemiconductoris
moreefﬁcientthanthedrifttransportthroughthatsemiconductor,sothatchargespileupneartheinjecting
contact.Characteristicofsucharegimeisaquadraticvoltagedependenceofthecurentdensity,witha
furtherdependenceonsemiconductorlayerthickness,scalingwithL−3.Thiswilbediscussedfurtherin
chapter4.
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VDS-dependentsubthresholdcurent.Underthesestrongﬁelds,asarguedbyLoccietal.,
aPoole-Frenkel-typechannelmobilityoftheformµ∼√F(seesection1.2)mayalsohave
tobeconsidered.
Asarguedalreadybystandardtextbooksforthecaseofshort-channelsiliconMOSFETs,
itispossibletopreventtheoccurenceoftheseshort-channelefectsifonescalesnotonly
L,butalsothechannelwidthW andthethicknessofthedielectriclayer,d,accordingly.
Long-channelbehaviourshouldthusbeobservedevenforshort-channeldevices,provided
thatthegate-sourceﬁeldishigherthanthesource-drainﬁeldbyafactor≥10[30].
2.4.APPLICATIONSOFOFETSANDRELATEDDEVICES
ThebasicOFETgeometrydiscussedsofarcanalreadybeusedforseveraldiferentapplic-
ations,suchasradio-frequencyidentiﬁcationtags(RFID),controlmatricesforactive-matrix
OLEDdisplays(AMOLEDdisplays),etc.Thegeometrymayalsobemodiﬁedinorderto
realisenewfunctionaldevices.Inthissection,afewexamplesforapplicationsofOFETs
shalbegiveninodertohighlighttheversatilityofthesebasicelectronicscomponents.
2.4.1.DETERMINATIONOFMOBILITY
Ashasalreadybeenstated,OFETsareoftenusedformaterialcharacterisation,more
speciﬁcalyforthedeterminationofthechargecariermobilityinnewlydevelopedorganic
semiconductors.Equ.2.2and2.3canbere-arangedtoyieldtheﬁeld-efectmobilityof
theorganicsemiconductorlayerinthelinearandsaturationregime
µlin= LCdielWVDS
∂ID
∂VGS (2.17)
µsat= 2LCdielW
∂√ID
∂VGS
2
(2.18)
Indeed,themorethoroughunderstandingoftheOFET’sfunctionalprinciplesdevelopedin
recentyears,togetherwiththecontinuouslygrowingvarietyoforganicsemiconductors
andsophisticatedpreparationtechniqueshaveleadtotherealisationofmanyhigh-mobility
devices[18,32,131].Yet,asarguedbyHagenKlaukinhisreviewonOFETs[8],the
ﬁeld-efectmobilitymeasuredinambientconditionsseemstohavestagnatedinrecent
yearsdespitethecontinuousdevelopmentofnewmaterials.Onereasonforthismaybe
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thatresearchhasnotyetproducedtheoneperfectmaterialwhichisair-stableandyields
highmobilitiesevenwithouttheuseofcomplexprocessingtechniques.Anotherreasonis
certainlytobesoughtinthemeasurementsetupitself,i.e.intheOFETgeometry.
Figure2.9.:Evolutionoftheﬁeld-efectmobilitymeasuredfororganicsemiconductors
inambientconditions,adaptedfromref.[8]withpermissionfromTheRoyal
SocietyofChemistry.
Themobilitydeterminedfromequ.2.17and2.18isonlyeveranefectivemobility,
i.e.itisinﬂuencedbysuchefectsascontactresistanceortrapsatthegatedielectric
interface.Areliablevalueofthemobilitymaythusonlybeextractedfromlong-channel
OFETs(L>100µm,inthiscaseitmaybeassumedthatRCh RC)withwel-designed
interfaces.Afurtherproblemispresentedbythechoiceofregimefromwhichtoextract
themobility. WhileHorowitzarguedthatthelinearregimeshouldbeusedformobility
determinationduetothevaryingpotential(andthusvaryingmobility)alongthechannelin
thesaturationregime[24],itiscommonpracticetoquotepreciselythisaveragemobility
inthesaturationregime,theargumentbeingthatthecurentmeasuredinthesaturation
regimeislimitedbythechannel,whereasthelinearcurentregimeismorelikelytobe
contact-limited.Inanycase,themobilityvaluesdeterminedfromOFETmeasurements
shouldbetreatedwithcare,astheymaybevalidonlyinaspeciﬁcdevicegeometryand
undercertainmeasurementconditions.
2.4.2.LOGICCIRCUITS
Organictransistorscanalsobecombinedintomorecomplexintegratedcircuitry,as
requirede.g.forRFIDtags.Themostbasiclogiccomponentsinthiscontextareinverters
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andringoscilators.Theinverterissupposedtoswitchthevoltagelevelofaninputsignal,
i.e.a’low’Vinresultsina’high’Voutandviceversa.Thismaybeachievedbyconnecting
twotransistorstogether,asshowninﬁgure2.10.Thesemayeitherbeofthesametype
(n-orp-type)orofdiferenttypes(n-andp-type).Theformerisreferedtoasaunipolar
inverter,whilethelateriscaledacomplementaryinverter.Complementaryinverters
arecommonlyusedinMOSFETtechnology,sincetheirgain(themaximumofthecurve
|dVout/dVin|,occuringatavoltageVM,wherebothFETshavethesameconductance)is
generalyhigherthanthatofaunipolarinverter.Thechalengefororganiccomplementary
invertersistoﬁndn-andp-typesemiconductorswhosegeneralpropertiesandOFET
behaviourcomplementeachothersoastomaketheinverterasefﬁcientaspossible.This
isnotalwayseasy,especialyiftheinverterisrequiredtoworkunderambientconditions,
wheren-typesemiconductorsareofteninferiortop-typematerials.Furthermore,itmust
bepossibletofabricatethetwoOFETsinveryclosevicinitytoeachother,whichcanbe
ofparticulardifﬁcultywhenusingsolution-processedmaterials.UnipolarOFETsonthe
otherhand,whileeasiertorealiseexperimentaly,havetheinherentdrawbackofinferior
performance,sincethesecondOFET,usedasaloadresistance,preventstheinverterfrom
reachingthetwopossibleextremes(0VandthesupplyvoltageVDD).Asaconsequence,
unipolarinvertersgeneralypresentapotentialdiferencebetweenthesupplynodeand
theoutputnode,whichleadstostaticcurentﬂowandthushigherpowerconsumption
(a) (b) (c) 
G S 
D 
G S 
D Vin Vout 
VDD 
p-type 
n-type G S 
D 
G 
D 
S 
Vin 
Vout 
VDD 
n-type 
n-type 
comparedtothecomplementaryinverter.
Figure2.10.:Circuitdiagramsof(a)aunipolarinverterwithaloadtransistorand(b)a
complementaryinverter.Therespectiveoutputvs.inputcurvesareshown
in(c).
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Nevertheless,bothcomplementaryandunipolarorganicinvertershavebeenrealised
experimentaly5:Huangetal.recentlydemonstratedaunipolarpentaceneinverterwhere
therequiredthresholdvoltagecontrolwasachievedbyUV/ozonetreatmentofthepolymer
dielectric[133].Throughthismethod,theywereabletoachieveagainof14andanoise
margin≥70%. Meanwhile,Hunteretal.havedemonstratedasimplespray-coating
techniquetofabricatep-typeunipolarinvertersinawaymoresuitabletomassproduction
[134]. Whilethegainoftheseinvertersisonlyontheorderof6.5,theycanbeoperated
welbelow10V.Complementaryinvertershavealsobeenrealisedandtheissueof
ﬁndingsuitablematerialpairshasbeensolvedinmanydiferentways.Severalgroups
havecombinedp-typeorganicsemiconductorswithn-typeoxidesemiconductorsto
circumventtheproblemofﬁndingsuitablen-typeorganicmaterials[135–137],while
othershavemanagedtoﬁndsuitablecombinationsoforganicmaterials[138–140].Ina
somewhatdiferentapproach,Khimetal.usedmoleculardopinginordertoenhancethe
ambipolarpropertiesofPCBMandthusrealiseacomplementaryinverterbasedonasingle
semiconductor[141].Inalthesecases,gainswelabove10wereachieved,togetherwith
connected in paralel, so that the total parasitic capacitance is given by
CP=Cgs,n+Cgs,p+2Cgd. A measurement of the separate parasitic capac-
itance contributions results in:CP= 1.44(±0.15) nF, which should be
compared with the, in this case, negligible intrinsic channel capaci-
tance:Ci= 14.7 pF. Thus, it is evident that the oscilator frequency can
be improved by orders of magnitude by simply minimizing the parasitic
overlap between the gate and the source/drain electrodes within the os-
cilator circuit, e.g. by using electrodes patterned by photolithography.
Improvements in the dynamic performance can also be attained by
an increase inIDSat and by a lowering ofCLviaa decrease ofCi
(see Eq.(2)). The former can be efectuated by increasing the efective
mobility of the constituent semiconductors viaoptimization and/or
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noisemarginsbeyond50%.
Figure2.11.:Circuitdiagram(a)andoutputcharacteristics(b)ofa5-stagecomplementary
ringoscilator,reprintedfromref.[142]withpermissionfromElsevier.
Aringoscilatorissimplyaseriesconnectionofanoddnumberofinverters,asilustrated
inﬁgure2.11(a).Theoutputofthelastinverterisfedbackintotheinputoftheﬁrst
inverter.Aninputsignalswitchfrom’low’to’high’attheﬁrstinverterwilcauseitsoutput
toswitchfrom’high’to’low’.Thissignalchangepropagatesthrougheachinverter(stage)
oftheringocatorandin achivererthe iacrtin medeaybtwenrciving
theinputsignalandswitchingtheoutputsignal(duetothecapacitiveelementsinthe
5ArecentreviewbyMandalandNohsummarisestheadvancesinprintedcircuits[132].
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inverters).Thisisreferedtoasthestagedelay. Whenthelastinverterintheringoscilator
hasswitcheditsoutput,thisisfedbacktotheﬁrstinverterastheinputsignal,thusﬂipping
theﬁrstinverteragain.Theoveralefectisthattheoutputoftheringoscilatorswitches
between’low’and’high’ataperiodequaltotwicethenumberofinvertersmultipliedby
thestagedelay.Ifonedenotesthisperiodasτosc,itispossibletoestimatethecutof
frequencyfTofasingleOFETfromaunipolarringoscilatorcontainingsuchOFETs,since
τosc=ninvτinv∼ninv2fT (2.19)
whereτinvisthestagedelayofasingleunipolarinverter(containingtwoOFETsofthe
samekind)withintheringoscilatorandninvisthenumberofinverterswithintheoscilator.
Many5-stageringoscilatorshavebeenreportedintheliterature,bothunipolarand
complementary.Caietal.recentlyreportedaunipolarringoscilatorbasedonsolution-
processedsinglecrystals[143]. Whilesuchdevicescertainlyhavethepotentialforhigh
performance,theoscilatorinthispaperoperatedwithafrequencyofonly512Hz,which
wasatributedtoalargecontributionofcontactresistanceintheOFETs.Incontrast,
Kitamuraetal.developedacomplementaryringoscilatorwithPentaceneandC60OFETs
whichoperatesatfrequenciesupto200kHz[144].Morecomplexorganiccircuits,suchas
NANDgatesorfulRFIDtagshavealsobeenrealised[136,145].
2.4.3. MEMORYDEVICES
AmorerecentdevelopmentintheﬁeldofOFETapplicationsistheorganictransistor
memory. Memorydevices,inparticularnon-volatilememorydevices6,arerequiredfor
manyapplications,suchasRFIDtags.Particularlyinsimple,low-costandlow-power-
-consumptionapplicationsitisstrictlynecessarythatthesedevicesbenon-volatile,as
powertorefreshthemonaregularbasismaynotbeavailable.Suchnon-volatilememory
componentscanberealisedwithOFETs,wheretheconventionaldielectricisreplaced
byaferoelectricmaterial.TheresultanthysteresisefectintheOFETmaybeusedto
storeinformation.Here,thewritingprocessoccursbyapplicationofagatevoltage,which
polarisesthegatedielectricandthusaltersthechargecarierdensityinandconductivity
oftheOFETchannel.Read-outisdonebyapplicationofasmaldrainvoltage(topre-
6Inorganicmemorydevicesareoftenbasedoncapacitors,whichtendtoleakandthusneedtobe’refreshed’
everysooften.Thesearetermedvolatilememorydevices.
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ventaccidentalswitchingofthepolarisation).Thisconcepthasbeenadoptedbymany
groups[146–148]andhasbeenusedtorealisearandomaccessmemory(RAM)cel[149].
AcurentchalengeofferoelectricOFETmemoriesliesinthefactthattheferoelectric
layerseemstodepolariseintheOf-stateofthedevice.Thisefectcouldbecounteracted
ifthesemiconductorcouldsupplycompensatorycharges[148].Alternatively,onemayuse
diferentapproachestocreatingtheelectricalhysteresisnecessaryformemoryoperation.
Amongthesuggestedpathwaystoachievethisarenanoparticlesasachargeablelayerat
thegatedielectricinterface[150],non-polarpolymerdielectrics[151],SAMdielectrics[152]
andﬂoatinggates[153].
Anotherissuefacedintheferoelectricapproachisthedrivingvoltageofthememory
device.Toreducepowerconsumptioninrealapplications,thisvoltageshouldbesmal,but
thisnecessitatesthingatedielectrics.AspointedoutbyNaberetal.,athinferoelectric
layeratthegatemaybedepolarisedbybandbendingofthesemiconductornearthe
interface,asthisinducesapotential[148]. Whileitisofcoursepossibletoinvestigatethe
bandbendingofagivenmaterialsystemanduseonlythosesemiconductorswhoseband
bendingdoesnotdepolarisetheferoelectriclayer,therequireddrivingvoltagecanalsobe
reducedbyusingambipolarratherthanunipolardevices.Inthiscase,however,theratioof
programmedtoerasedsignalisdecreasedincomparisontounipolardevices.Recently,
Leeetal.haveproposedwhattheycala’quasi-unipolardevice’,whereann-typefulerene
layerisembeddedintoap-typePentacenelayer.Theresultantmemorydeviceisbelieved
toharvestelectronsfromthen-typelayerforprogramminganderasing,thusreducing
therequireddrivevoltage,whilethereadingprocessoccursthroughthep-typechannel
oftheunderlyingpentacene,thusmaintainingthehighratioofprogrammedtoerased
signal[151].
2.4.4.SENSORS
Theelectronicpropertiesofmanyorganicsemiconductorsaresensitivetoawholevariety
ofinﬂuences,amongthemilumination,contactwithcertaingassesandevenmechanical
deformations. Whileforintegratedcircuitapplications,thismeansthatorganicelectronic
deviceshavetobeprotectedfromtheseinﬂuences(e.g.byencapsulation),thesame
propertymaydeliberatelybeusedtooperatetheOFETasasensor:TheOFETisdrivenat
aconstantVGSandVDS(usualyinthesaturationregime,asthisprovidesthemoststable
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behaviour)andthechangeinoutputcurentduetoilumination,pressure,gasexposure
etc.ismeasured.
Itisimmediatelyobviousfromthedevelopmentoforganicsolarcelsthatcertain
organicmaterialsareverylight-sensitiveandgenerateaconsiderableamountofcharge
cariersuponilumination.Thisfactisutilisedinorganicphoto-transistors[154],where
therequirementonthesemiconductoristhatitmustnotonlybehighlyphoto-active,but
alsohaveahighchargecariermobility,sothatchargesgeneratedinthechannelunder
iluminationreachthedrainelectrodeoftheOFETandthuscontributetotheOn-state
curent.Theﬁguresofmeritforsuchdevicesarethephotoresponsivity,R,andthe
photosensitivity,P,givenby
R=Ilight−Idarkl and (2.20)
P=Ilight−IdarkIdark (2.21)
whereIlightandIdarkaretheOFETOn-statecurentswithandwithoutiluminationand
listheintensityoftheincidentlight.Singlecrystalsiliconphoto-transistorsmayreach
valuesofR=300AW-1.Singlecrystalorganicphoto-transistorshavebeenshownto
exceedthisvaluebyfar,Kimetal.forexampledemonstratedananthracenesinglecrystal
photo-transistorwithR=104AW-1andP=1.5x105[155].Photo-transistorsbasedon
polycrystalinethin-ﬁlmsexhibitslightlylowerperformanceduetothelowerchargecarier
mobility,yettheytooarecapableofoutperformingsiliconphoto-transistorswithhighest
reportedvaluesofR=2500-4300AW-1andP=4x104[156].Thegeneraladvantageof
thephoto-transistorovercompetingtechnologies,suchasdiode-basedphotodetectors,is
thelownoiselevelfacilitatedbythephotocurentampliﬁcation.
InOFET-basedgassensors,thechangeinOn-statecurentrequiredforsensingis
generalyfacilitatedbyachemicalreactionbetweenthesemiconductorsurfaceand
theanalyte.Thisreactionmayresultinachargetransferbetweentheanalyteandthe
semiconductor,thuschangingthechargecarierdensityinthechannel,oritmayresultin
achangeofchargecariermobilityorelectronicpropertiesofthesemiconductor.Since
chemicalreactionstendtohavelongertimeconstantsthanphoto-generationofcharge
cariers,theresponsetimeofOFETgassensorsis muchlongerthantheresponse
timeofphoto-transistors(byapproximatelyanorderofmagnitude).Thestrengthof
thesignalfurtherdependsontheinteractionstrengthbetweentheanalyteandthe
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semiconductor,sothatcarefulmaterialdesignmayberequiredtogettheoptimum
responseforspeciﬁcanalytes.Thisresponsemaybefurtherenhancedbymicro-structuring
theorganicsemiconductortoprovidealargerreactioninterface,asdemonstratedfor
PentaceneOFETswitharubbedsurface[157],wherethealteredmorphologyofthe
pentaceneduetorubbingalowedforbeterdifusionoftheanalyte(inthiscaseNO2)into
thechannelregion.Typicaly,thiskindofsensorisonlysensitivetoalimitednumberof
analytes,dependingonwhichanalytesreactwel withthechosensemiconductormaterial.
However,inarecentstudyonbothn-typeandp-typegassensors,Zangetal.haveshown
thatOFETsensorswhichoriginalydonotshowanysensitivitytoaparticularanalyte,may
beforcedtoreactwiththisanalyteifpreviouslyexposedtoadiferentgas,whichitself
providesareactioninterfacefortheanalyte[158].Thisdiscovery,ifapplicabletomore
semiconductormaterials,mayprovideasimplemeanstoincreasethenumberofanalytes
(a) (b) 
whichmaybedetectedbyasinglematerialOFETsensor.
Figure2.12.:OFET-basedpressuresensorbyLaietal.:(a)Devicesetupandmaterialsum-
maryand(b)comparisonofthevariationinOFEToutputcurentandPDMS
capacitancewithappliedforce.Reprintedfromref.[159]withpermission
fromIEEE.
Asalastexampleoforganicsensingdevices,OFET-basedpressureandmechanical
sensorswilbrieﬂybediscussed.Again,therearemanydiferentroutestorealisingsuch
adeviceanditisfarbeyondthescopeofthisthesistodescribethemal.Exemplary
hereareperhapstheworksofAnnalisaBonﬁglio’sgroup,astheydemonstratetwovery
simpleandelegantapproachestorealisesuchsensors.Cossedduetal.showedthatbasic
PentaceneOFETsonﬂexiblesubstratescanactasstrainsensorsifthePentacenegrains
inthechannelregionarelarge.Inthiscase,themechanicaldeformationofthesubstrate
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willeadtosigniﬁcantvariationinthedistancebetweenindividualgrains,whichinturn
afectstheOFEToutputcurent[160].Similarly,theyconcludedthatinordertoreduce
themechanicalsensitivityofpolycrystalineOFETsforotherapplications,itisadvisable
todepositthesemiconductorunderconditionswhereitformsverysmalcrystalites,
assuchaﬁlmismuchlesssensitivedobendingofthesubstrate.Laietal.modiﬁeda
coplanarbotom-gateOFETinordertorealiseahighly-sensitivepressuresensor.The
setupofthisdeviceisshowninﬁgure2.12(a).Itsoperationalprincipleisbasedonthe
factthatapressureappliedtothePDMSvariablecapacitorwilcompressthePDMSlayer,
thuschangingitscapacitanceandthereforethechargedistributionintheﬂoatinggate.
Thischangecanbemonitoreddirectly,makingasimplecapacitiveelementsufﬁcientfor
pressuresensing.TheincorporationoftheOFET,however,providesanampliﬁcationof
thesignalandthusamuchhighersensitivity(seeﬁgure2.12(b).
Thefurtherdevelopmentofalthesesensordevices,aswelastheircombinationand
integrationintoadvancedcircuitry,opensupentirelynewapplications,particularlyin
theﬁeldofbio-sensingandmedicalsciences,wheretheymight,forinstance,serveas
componentsforfulyfunctional,fulyﬂexibleandself-poweringartiﬁcialskin[161].
2.4.5.DISPLAYBACKPLANESANDLIGHT-EMITTINGDEVICES
AnotherimportantapplicationforOFETsisthedrivingofOLEDsinAMOLEDdisplays.
Suchdisplays,whilealreadycommercialyavailable,curentlypossesscontrolmatrices
madefromamorphoussilicon(e.g.Samsung)oroxidesemiconductors(e.g.LG)andare
thusnotfulyﬂexible.AsdemonstratedrecentlybythecompaniesNovaledandPlastic
Logic(Dresden,Germany),thereplacementoftheserigidmatricesbyanOFETcontrol
matrixfacilitatesthefulﬂexibilityforwhichOLEDdisplayproducersultimatelyaim[162].
Thesimplestwaytoconstructsuchadrivingmatrixisilustratedinﬁgure2.13:The
pixelsareaddressedrow-by-row,sothattheﬁrststepinswitchingapixelonorofisto
applyahighvoltagesignaltotherespectiverow.Thisswitchestheselectiontransistor
T1totheOn-state.Inordertoturnthepixelon/of,ahigh/lowvoltageisthenapplied
totherespectivecolumn.Bythissignal,thetotalpixelcapacitance,consistingofCSand
thegatedielectriccapacitanceC2ofthedrivingtransistorT2,ischargedandthusactsas
acontinuoussignalsupplywhenthetransistorT1isswitchedofagain(thisisdoneby
providingalowvoltagetotherowoncealpixelsintherowhavebeenprogrammed).If
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Figure2.13.:ExampleofadrivingcircuitforanOLEDinanAMOLEDdisplayusingn-
typetransistors.Thecircuitconsistsofaselectiontransistor(T1),adriving
transistor(T2)andastoragecapacitorCS.
thevoltageappliedtothecolumnishigh,itswitchesonT2andthustheOLEDisswitched
on(andviceversa).ThisoperationmechanismimposesseveralrequirementsonT1and
T2,whichhavebeendiscussedbyGuandForestin1998[163].Folowingthislineof
thoughtandusingtypicalparametersforanaveragedisplaytoday7,oneﬁndsthatthe
minimumrequirementsforT1areamobilityµ1W1L1 ≥1.2cm2/VsandanOn/Ofratio≥
106.Similarly,therequirementsforT2areµ2W2L2 ≥0.4cm2/VsandanOn/Ofratio≥104,
aswelasahighthresholdvoltagestability8. WhilemanyoftheOFETspublishedtodate
meettheserequirementsonalabscale[164,165],thechalengefordisplaymanufacturing
istofabricateOFETsofthesamequalityonalargescaleandwiththestabilityrequired
drawbacks in LECs[13–16], as it leads to photon quenching
at the electrode and decreases the power-conversion efﬁ-
ciency of luminescence in the device. The lack of n-doping
is mainly due to that the reactants, which are involved in
the n-doping process, are partialy consumed in undesired
electrochemical or chemical side-reactions[15,17]result-
ing in a dominant p-doping. To achieve balanced p- and
n-doping for a centered emissive junction, n-doping needs
to be favored. We have previously developed a class of
light-emitting electrochemical transistors (LECT), with a
polymer electrolyte as the gate insulator and a poly(3,
4-ethylenedioxythiophene)-poly-(styrenesulfonate) (PED-
OT:PSS) as the gate electrode. Theﬁrst generation of those
LECTs includes a PEDOT:PSS gate that fuly covers the
channel. It was shown that both the p- and the n-doping
region can be modiﬁed by the gate electrode, and an emis-
sive p–n junction can be spatialy controled within the LEP
channel[18]. The second generation of LECT features two
gates, which controls n- and p-doping separately; it
demonstrates a more static and centered p–n junction
located between the two gates[19], thanks to a more bal-
anced doping proﬁle. Th double-gate LEC provides a
platform to study the physics of LECs whe n-doping and
p-doping are decoupled. However, if one only desires a
centered emission zone aiming to maximize the efﬁciency
in practical applications and to stabilize the emitting zone,
we found that in the double gate conﬁguration, the gate
electrode responsible for controling the p-doping can in
fact be omitted. In this letter, we consequently d mon-
strate a half-gate LECT (HG-LECT), with a gate electrode
partialy covering the LEP chanel that controls only the
n-doping process. In this device, we demonstrate that a
centered emission zone i achieved after  two-step opera-
tion protocol. We also compare the efﬁciency of devices
with and without the gat electrode.
2. Structure, materials and operation modes
The HG-LECT, as shown inFig. 1a, was fabricated on a
SiO2/Si substrate, where Au electrodes with a spacing of
500lm were thermaly evaporated through a shadow
mask. Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyle-
nevinylene] (MEH-PPV, Mn = 40,000–70,000, Sigma–
Aldrich) dissolved in chloroform with a concentration of
10 mg/ml was spin-coated onto the substrate at
1000 rpm for 60 s, and then dried at 90C for 100 s, form-
ing a dry ﬁlm of 200 nm thickness. A drop of the electrolyte
solution was thenemployed onto the MEH-PPV ﬁlm,
before a free-standing sheet of PEDOT:PSS (Orgacon
EL-350, Agfa) was pressed onto the electrolyte drop with
the PEDOT:PSS electrode facing down. The electrolyte solu-
tion was made by blending poly(ethylene oxide) (PEO,
Mw = 600,000, Aldrich) and CF3SO3K (98%, Aldrich) with a
mass ratio 5.4:1 into a 3:1 v/v mixture of 1-propanol
(Sigma–Aldrich) and deionized water, folowed by stirring
on a hotplate at90C for 24 h. Finaly, the device was dried
inside a cryostat, under a vacuum of 2 105mbar at
70C, for 12 h. The bottom electrode directly beneath the
gate electrode is here termed the cathode, and the other
bottom electrode is termed the anode.
Two operation modes of the HG-LECT are introduced as
folows:n-doping modeandelectroluminescence(EL)mode.
In n-doping mode, a voltage of 4 V is applied at the gate
electrode in reference to the cathode, with the anode kept
ﬂoating; seeFig. 1b. The further oxidation of PEDOT, in the
PEDOT:PSS gat electrode, caues a cation migato with-
n the electrolyte layer, which difuses into the LEP layer
causing reduction the conjugated polymer. By applying
this process for sufﬁcient amount of time, the part of the
LEP below the gate terminal becomes n-doped, leaving
the part of the LEP without gate coverage neutral. In EL
mode (folowed by n-doping mode), a potential of 4 V is
applied btwen the anode and th cathde, with the gate
voltage of 4 V stil applied. This operation promotes
p-dopng of the previously neutral part of the LEP and also
further enhances the n-doping level of LEP material located
under the gate. Since the n-dping progresses relatively
slower than p-doping, we expect that the p–n junction
forms in close vicinity of the edge of the gate erminal, as
shown inFig. 1c. The application of the gate voltage con-
tinuously enhance the n-doping territory s that the p–n
junction is stable after it is formed.
Elctrical charactrization of the HG-LECT was per-
formed under vacuum in a cryostat using a Keithley 4200
Semiconductor Characterization System. An HG-LECT with
the gate covering 50% of the channel (as shown inFig. 2a)
was operated folowing a two-step protocol: (1) 100 s of n-
doping mode, by application of 4 V at the gate terminal and
(2) 1000 s of EL mode by application of 4 V at the gate and
Fig. 1.The structure and operation modes of HG-LECT.
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formarketapplications.
Figure2.14.:Exampleofalight-emitingOFETstructure,reprintedfromref.[166]with
permissionfromElsevier.
7Displayresolutionof326dpi,framerateof120fps,apertureratioof90%,drivingvoltagesof3V,capacitance
ofT2of800nF/cm2.
8Althoughinstabilitiescanbecompensatedbysuitablecircuitry,thisrequiresadditionalcomponentsand
thusmakesthebackplanemorecomplexandexpensive.
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Morerecently,severalgroupshaveconcentratedtheirefortsonsimplifyingtheconstruct
ofAMOLDdisplaysbycombiningtheswitchingpropertiesoftheOFETandlightemission
oftheOLEDintoasingledevice,alight-emitingOFET[154].Thismaybeachieved
e.g.byreplacingtheconventionalsemiconductorinsidetheOFETbyasinglelight-emiting
materialreducingthedimensionsofthegateelectrode,soastoartiﬁcialyformap-i-n-like
structureintheemissionlayer[166](seeﬁgure2.14).Analternativemethodisthevertical
stackingoftransportandemissionlayers,asdemonstratede.g.byMaasoumietal.[167],
oracombinationofhorizontalandverticalstructuringoftherequiredorganiclayers[168].
Unfortunately,manyofthesedevicescurentlylackthebrightness,efﬁciencyorstability
requirede.g.fordisplayapplications,howevertheyarepowerfultoolstostudycharge
carierﬂowandrecombinationandfurtherresearchinthisareamayyetproduceadevice
suitableforadvancedmarketapplications.
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3.VERTICALORGANICTRANSISTORS
Thischapterintroducesanewdeviceclass,theverticalorganictransistor.Thediferent
deviceconceptsbelongingtothisclasswilbelookedatinmoredetailandsimilarities
anddiferencesbetweenthesedevicesandtheconventionalOFETwilbehighlighted.
Thelastsectioninparticularwilfocusontheverticalorganicﬁeld-efecttransistor,its
proposedworkingmechanismandthemanyquestionsstiltobeansweredregardingthis
device.
77

OnemightgatherfromtheprevioussectionthatOFETsareveryversatiledevicesand
arealreadyusedinawiderangeofapplications.Thisassumption,however,isonlypartly
true. OFETsareindeedveryversatiledevicesandscientiﬁcliteratureprovidesample
examplesfortheirapplications,yetthetotalmarketrevenueoforganicelectronicstodate
isdominatedbyOLEDs,inparticularOLEDdisplaysformobilephonesandﬂat-panelTV
screens.Onereasonsforthismaybethelackofhigh-mobilityn-typematerials,which
areneededforhigh-performancecomplementarycircuits.Furthermore,whileexcelent
performanceofp-type(andsometimesevenn-type)OFETsisfrequentlyreportedinthe
literature,manyoftheseresultsaredifﬁculttoreproduceonamassmanufacturingscale,
i.e.withsimpleprocessingtechniques.AnothergeneralproblemofOFETsistheobserved
decreaseofdraincurentovertimeasaconstantbiasisapplied(referedtoasbiasstress,
seeref.[169]foracomprehensivediscussionofthisefect). Whileitisgeneralybelieved
thatthebiasstressiscausedbyionmigration,chargecariertrappingandperhapseven
breakingofmolecularbondswithinthesemiconductor,furtherresearchintotheorigins
ofbiasstressisnecessaryinordertofulyunderstandandthencompensatethisefect
efﬁcientlytoachievedeviceswithagoodperformancestability.Nexttostability,another
requirementformassmarketapplications,particularlyforAMOLEDdisplays,isahigh
integrationdensityofdevices.TheaggressivedownscalingofOFETdimensionsnecessary
tofulﬁlthiscriterionmaybeachievedquiteeasilyincoplanarbotom-gateorstaggered
top-gatedevices(seeﬁgure2.1(b)and(c),sincethecriticaldimensions(thecontactsize
andseparation)canbescaleddownusingstandardhigh-resolutionstructuringmethods.
Forstaggeredbotom-gateorcoplanartop-gatedevices(ﬁgure2.1(a)and(d)thisis
notpossible,asthecontactshavetobestructuredontopofanorganiclayerandmany
structuringtechniquesaredamagingtoorganicmaterials(duetohighenergyprocessesor
solventinvolvement).
79
List of publications dealing with vertical organic transistors
Axel Fischer
July 7, 2015
Al publications are linked, just click and ﬁnd. Use Alt+Left Arow to get back.
1995 2000 2005 2010 20150
5
10
15
20  OPBT
 OSIT
 OSBT
 VOFET
 SE-VOFET
Total: 183 publications 
Nu
mb
er 
of 
pu
bli
ca
tio
ns
Year
inc
om
ple
te
Figure 1: Publications per year for diferent architectures of Vertical Organic Transistors: Organic
Permeable-Base Transistor (OPBT), Organic Static Induction Transistor (OSIT), Organic Schotky-Barier
Transistor (OSBT), and Vertical Organic Field-Efect Transistor (VOFET).
1
Figure3.1.:Publicatio peryeafoth diferentarchitecturesofverticalorganictran-
sistors:Organicpermeable-basetransistors(OPBTs),organicstaticinduction
transistors(OSITs),organicSchotkybariertransistors(OSBTs),verticalor-
ganicﬁeld-efecttransistors(VOFETs)andtheirsub-categoryofstep-edge
VOFETs(SE-VOFETs).Reprintedfromref.[170]withpermissionfromIOP
Publishing.
Verticalorganictransistorspresentasimpleapproachtoreducinglateraldevicedimen-
sionwithouttheneedforhigh-resolutionstructuringtechniques.Verticalorganictransistors
canbelooselysortedintofourcategories[170]:organicSchotkybariertransistors(OS-
BTs),organicpermeable-basetransistors(OPBTs),organicstaticinductiontransistors
(OSITs)andverticalorganicﬁeld-efecttransistors(VOFETs).Thesewilalbediscussed
separatelyinthefolowingsectionsastheiroperationalprinciplesarealslightlydiferent.
Thecommondenominatorbetweenthesediferentgeometriesisthefactthattheyare
althree-terminaldevices(liketheOFET)operatinginatransistor-likefashion.Unlikethe
OFET,however,theinjectingandejectingcontactsarenotarangedinparaleltoeach
other,butarestackedverticalyontopofoneanother.Dependingonthegeometry,the
thirdcontact,whichcontrolsthecurentbetweentheformertwo,mayeitherbeplaced
above/underneaththeinjectingandejectingcontactsoritmaybeplacedin-betweenthese
twocontacts.Thegreatadvantageofthisverticalstackingapproachliesinthesigniﬁcant
reductioninsubstratearearequiredtobuildaworkingdevice.Furthermore,itisquite
simpletostackadditionalelectroniccomponentsontoporunderneathsuchavertical
transistor.Thisresultsinaninstantaneousincreaseinintegrationdensity.Asanadded
beneﬁt,thechannellengthofsuchverticaldevicesisnolongerlimitedbyanystructuring
method(asisthecaseforthedistancebetweenthesourceanddraincontactsofOFETs),
butbythelayerthicknessoftheorganicsemiconductor(s)betweenthecontacts.Aswil
beseeninthefolowingsections,thisenableschannellengthsof100nmorless.
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3.1. ORGANIC PERMEABLE-BASE TRANSISTORS (OPBTS) AND
ORGANIC STATIC INDUCTION TRANSISTORS (OSITS)
3.1.1. OPBTS
The setup and operational principle of organic permeable-base transistors is similar to
that of the vacuum triode and was ﬁrst presented by Yang and Heeger in 1994 for a
polymer OPBT [171]. The OPBT consists of three contacts, stacked verticaly on top of
each other, with two layers of organic semiconductor in-between (see ﬁgure 3.2). The top
and botom electrode are used as the injection and extraction contact, typicaly refered
to asemiterandcolector. The electrode in the centre of the device is refered to as the
baseand is used to manipulate the curent ﬂow between emiter and colector. For this
purpose, it must be transparent for charge cariers, so that they may pass through it on
their way from the emiter to the colector. The curent injected into the device at the
emiter under forward bias of the emiter-base diode is denoted asIE. This curent is only
partialy transmited through the base in a real device, since a non-ideal base electrode
wil colect some of that curent, denoted asIEB. The transmited portionIECis drained at
the colector if the base-colector diode is operated in reverse. This also results in some
curent injected from the base into the base-colector diode, so that the total curent at
the colector isIC=IEC+IBC. The switching between the On- and Of-state of the OPBT
is done by controling the potential diferenceVBEbetween the emiter and base, as this
controls the amount of curent injected into the device, whileVECmerely supports an
efﬁcient transport through the device.
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Figure 3.2.:Schematic representation of an organic permeable-base transistor with equi-
valent circuit diagram and energy level diagram.
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InordertoquantifyOPBTperformance,twoparametersareofimportance:Thetrans-
missioncoefﬁcientα,whichdescribestheratiooftransmitedcurenttototalinjected
curent,andthecurentampliﬁcationβ,whichdescribestheratiooftransmitedcurentto
thecurentlostatthebase.Thesetwofactorscanbeexpressedas
α=IECIE =
IC−IBC
IE (3.1)
β=IECIEB=
IC−IBC
IB−IBC=
α
1−α (3.2)
FromthesetwoequationsitisobviousthatagoodOPBTshouldhavealargeIEC,as
thisresultsinahightransmissioncoefﬁcient(approachingunity)andahighcurent
ampliﬁcation.ThebaseelectrodeisthusthekeycomponentwithintheOPBTandthe
focusofmostOPBTresearch,asitneedstobehighlytransparentforchargecariers
injectedattheemiter,yetbeinsulatedwelenoughinordertoreduceleakagecurents
intothebase.
BaseelectrodesinOPBTsaretypicalyverythinmetalﬁlms,nanowirenetworksor
carbonnanotube(CNT)networksastheselayersprovidethebesttransmissionproperties.
Chargecariersmaypasssuchlayersviatwomethods:Inthecaseofthin,butclosedmetal
layers,aso-caledhotcariertransmissionprocesstakesplace[172–174].Thisprocess
isilustratedinﬁgure3.2forann-typeOPBT.Duetothepotentialdiferencebetween
theemiterandbase,achargecarierinjectedintothebasehasanenergysomewhat
higherthantheFermilevelofthebase.Undernormalcircumstances,thecarierwilbe
scateredseveraltimeswithinthebaseelectrodeandthusrelaxtotheFermilevel.This
canbequantiﬁedbythemeanfreepathλB.However,ifthebaseelectrodeisverythin
anditsinjectionbarierattheemitersideishigherthanthatatthecolectorside,there
isanincreasedprobabilityofthecarierreachingthecolectorsideofthebasewithout
beingscatered.SuchcariersarereferedtoashotandareabletoovercometheSchotky
barieratthecolectorsideofthebase.
Astheefﬁciencyofthisprocessverymuchdependsontheelectrodematerialand
preparationconditions,thetransmissionfactorsdeterminedfursuchhotcarierOPBTs
areoftenratherlow.Valuesofα=0.1andα=0.7havebeenreportedforaluminiumbase
electrodes[174,175].Chengetal.improvedthehotcarierprocessbyintroducingaseries
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Figure 3.3.:Schematic representation of the hot carier transmission process through the
base electrode of an OPBT: A charge carier is emited into the base from the
higher lying transport level of the organic semiconductor. If the base is thin,
there is an increased probability of the carier not being scatered within the
base so that it stil has sufﬁcient energy to overcome the injection barier at
the other end.
of organic semiconductors between the emiter and base of a p-type OPBT, each with a
slightly deeper HOMO than the previous layer. Through this ladder-like approach, they were
able to increase the energy of the hot cariers considerably and thus reach transmission
coefﬁcients up toα= 0.99 [176]. While such transmission coefﬁcients are highly desirable,
the great advantage of OPBTs - their simple structure - is reduced signiﬁcantly if such
ladder architectures should prove necessary in order to reach these performance values.
Furthermore, the careful design of energy bariers at the base electrode may be realised
on the lab scale, but it is to be expected that the reproducibility in mass manufacturing is
considerably lower.
It has been argued that high transmission rates in OPBTs are not due to efﬁcient hot
carier transport, but due to microscopic perforations of the base electrode through which
cariers may pass directly into the base-colector diode [171, 177, 178]. Such pores or
pinholes may randomly form in sufﬁciently thin metal ﬁlms due to the interaction energies
of the metal and the underlying surface (in this case the organic semiconductor of one
of the diodes) [177]. Pinhole formation can also be provoked e.g. in aluminium base
electrodes by co-evaporation with an organic semiconductor [179] or a metal which can
easily be oxidised by thermal annealing in ambient conditions [180]. As Fischeret al.have
shown for the OPBT structure originaly proposed by Fujimotoet al.[181], the formation of
these pinholes leads to a bidirectional operation of the OPBT, which would not be possible
based on a hot carier mechanism [182].
Operation of the OPBT via pinhole formation in the base electrode provides another
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revealing that the on=of ratio increases for increasing driv-
ing voltagesUECdue to lower backward curents of the BC
diode. The maximum diferential transmission increases and
reaches approximately 95% with a voltage ofUEC¼2.5 V.
This reveals that a certain on=of ratio, in our case 50, is
necessary to estimate the direct transmission from the maxi-
mum diferential transmission in an efﬁcient way.
This experiment leads to conclusions on the working
mechanism of VOTs with a non pre-structured base contact.
In both base sweep measurements, a similar behavior can be
observed, and high transmission values are demonstrated.
Hence the transmission has to be bidirectional, excluding an
assignment to hot carier transport in the metal base. To
explain this result, we propose a VOT with a grid-like
base electrode where smal pinholes in the base contact
are formed during evaporation of thin metal layers onto
Me-PTCDI.
B. Morphology of the base electrode
To study the structure of the base metal on the organic
layer and to prove whether pinholes exist in the ﬁlm, 20 nm
Al grown onto 100 nm of Me-PTCDI on top of 50 nm Al are
studied by scanning electron microscopy (SEM) (Fig.7(a)).
The sample is produced in vacuum and exposed to air prior
to the SEM measurement. The top Al layer shown in the
picture represents the base contact. The growth of the thin
metal layer is not uniform and has a granular structure with
grain sizes in the range from 50 nm to 100 nm. For compari-
son, the underlying ﬁlm of Me-PTCDI is shown in Fig.7(b).
The growth of aluminum is strongly inﬂuenced by the
morphology of the molecular layer underneath. The typical
feature size is completely transfered from Me-PTCDI to the
Al layer. Because Me-PTCDI tends to form quasi-one-
dimensional crystal structures27the growth of this ﬁlm leads
to a rough surface.
The mean square roughness of this Me-PTCDI ﬁlm
determined by atomic force microscopy (AFM) technique is
6.3 nm. With the additional Al layer of 20 nm, the surface
roughness does not change (6.1 nm). Between the Al grains,
deep grooves can be seen. It seems that a thin metal layer
evaporated on rough organic thin ﬁlms is not able to grow in
a uniform layer, especialy if the metal does not wet the
FIG. 5. (Color online) (a) Base sweep for botom electrode as the emiter:
common-emiter connection withUEC¼5 V (const.) (b) coresponding
transmission values, calculated from (a), direct transmission is limited to a
range where a corection of the BC-diode is not necessary.
FIG. 6. Botom electrode as the emiter: maximum diferential transmission
and on=of ratio extracted for base sweeps at diferent constant voltagesUEC.
FIG. 7. (a) SEM-picture of 20 nm Al deposited on Me-PTCDI (100 nm)
grown on a botom electrode consisting of 50 nm Al. (b) picture of 100 nm
Me-PTCDI evaporated onto 50 nm Al metal contact. Due to low conductiv-
ity of the molecular layer after air exposure, the sample tends to charge up
slightly. Nevertheless, the structural size of features is similar to (a).
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the top and botom contacts contributes to the active area
and ensures the possibility to detect sufﬁciently high trans-
mission values in both operating directions. The measure-
ments are performed in the dark using a semiconductor
parameter analyzer Keithley 4200-SCS. The applied poten-
tials are denoted byUiand the voltage between the electrode
asUij¼Uj Ui,using i,j¼E, B, C coresponding to emiter,
base and colector, respectively.
II. RESULTS
A. Base sweep measurements
To prove the functionality of the device, the base sweep
of the device is shown in Fig.3. The base sweep is similar to
a gate sweep of an OFET. In a common-emiter setup, the
colector potential is kept constant and the base potential is
varied in a dual sweep mode.
1. Top electrode as the emiter
In Fig.3(a),thetopelectrodeisusedastheemiter;thisis
in accordance to Fujimotoet al., who demonstrated the device
function for this operating direction.4The emiter-colector
voltage is set toUEC¼2V.Furthermore,theI-Vcharacteristic
of the top diode (here: BE diode) with disconnected botom
electrode, and the botom diode (here: BC diode) with discon-
nected top electrode are shown. The results are ploted in refer-
ence to the potential of the emiter (UE¼0V)orthecolector
potential (UC¼2V).Therefore,theBEdiodeisusedinfor-
ward direction and the BC diode in backward direction.
If transmission of charge cariers through the metalic
base electrode does not occur, the resulting characteristic
would merely be a series connection of two diodes. Indeed,
forUB< 0.5 V, the colector current density matches the
BC diode curent density. However, with increasing base
potential, the colector curent density is increasing, although
the potential diference between base and colector drops.
This behavior implies a negative diferential resistance
ðdUBC=dIC<0Þgiving a clear sign for a direct transmission
of charge cariers from emiter to colector.
In the range 0.5 V<UB<1.5 V, the colector curent
matches the emiter curent, showing that the colector cur-
rent is provided by the curent injected at the emiter and
transmited through the base contact. In this regime, the base
curent remains at least one order of magnitude below emit-
ter and colector curents. At higher base potentialsUB>2
V, the colector curent drops due to decreasing transmission,
and the emiter curent density folows the behavior of the
BE diode. At lower voltagesUB<2 V, the curent density of
the emiter is always higher than the comparable BE diode.
Most interestingly, the emiter curent density does not drop
to zero atUBE¼0 V. This behavior can be explained by a
grid-like base electrode, where the electrical ﬁeld of the col-
lector contact is not fuly screened by the base enhancing the
injection at the emiter contact through the openings of the
base contact. As a consequence, a negative voltage of around
UBE¼ 1 V is necessary to fuly suppress injection at the
emiter.
To estimate the transmission of this device, several
types of analysis can be discussed. Especialy, the inﬂuence
of the curent in backward directionIBCof the BC diode
must be accounted for. In its simplest form, the curent
ampliﬁcation can be derived as
b¼IECIEB¼
IC IBC
IB IBC; (3)
whereIijcoresponds to the curents, ﬂowing from electrode
i to j using i,j as emiter (E), base (B), and colector (C).
Thus, Eq.(1)remains only valid ifIBC ICandIBC IB.
Only for this case, a direct transmission can be calculated by
Eq.(2), as it is typicaly done for a bipolar transistor. Simi-
larly, the direct transmission, deﬁned as
a¼ITIE¼
IC IBC
IE (4)
with the curentITtransmited through the base can be writen
asa¼IC=IEifIBC IC.Weusethisassumptionandneglect
the corection of the transmission curent byIBCbecause it wil
lead to large numerical erors wheneverIBCis similar toIC.
This transmission is shown in Fig.3(b). AboveUB¼1.4
V, the eror of the used assumption is less than 1% and a
FIG. 3. (Color online) (a) Base sweep using the top electrode as the emiter:
common-emiter connection withUEC¼2 V (const.) (b) coresponding
transmission values. Direct transmission is limited to the range, where no
corection of the BC-diode is necessary. Despite the high sweep rate, no hys-
teresis is observed in the forward and backward sweep.
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Figure3.4.:(a)SEMi ageofth 20nmAlbaseelectrodeusedbyFischeretal.on100nm
Me-PTCDIand50n Al.b)SEMimageof100nmMe-PTCDIon50nmAl
forcomparison.TheroughnessfeaturesoftheMe-PTCDIﬁlmobservedin(b)
arealmostexactlymiroredinthebaseelectrodein(a).Abasesweepofan
OPBTcontainingsuchabaseelectrodeisshownin(c)withthetopelectrode
astheemiterandacommon-emiterconnectionwithVEC=2V.Reprinted
fromref.[177]withthepermissionofAIPPublishing.
advantageoverthehotcarierapproach:Thebaseelectrode,ifconsistinge.g.ofAl,may
beoxidisedbyexposuretoair,sothatathinlayerfAOx nsulatesthebas elctode
andthusreducesleakagecurents[177,182,183].ArecenttheoreticalstudybyChen
etal.predictsthatsuchdevices,ifimprovedfurtherwithrespectstoOn-statecurent,
couldbeanexcelentcandidateforlow-cost,easilyfabricatedorganicelectronicdevices
operatingintheGHzregime[184].
3.1.2.OSITS
Strictlyspeaking,organicstaticinductiontransistorsareaparticularkindofpermeable-base
transistor.ThekeydiferencebetweenthesedevicesandtheOPBTsdiscussedbefore
istheuseofcommonstructuringtechniquestoactivelypaternthebaseelectrode.
Thismaybedonee.g.byplacingamonolayerofpolystyrenespheresontoabotom
contactandevaporatingasuitableinsulatorandbaseelectrodematerialontopofthis
layer.Subsequentremovalofthespheresleadstoabaseelectrodegridwithcircular
openingswhosesizecanbecontroledbythesizeofthepolystyrenespheres(seeﬁgure
3.5).Asthisstructuringmethodisbothsimpleandquick,itisusedbymanygroups
workingintheﬁeldofOSITs[185,186],butstructuringvialaserholography[187],UV
interferencelithography[188],nano-imprintlithography[189],shadowmask[190]and
e-beamlithography[191]havealsobeenreported.
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Figure 3.5.: Schematic of the paterning process of an OSIT using polystyrene spheres.
While the pinholes in normal OPBTs are generaly smal (see ﬁgure 3.4), the openings
in the base of OSITs are typicaly 100 - 200 nm in diameter [185] or even larger [190],
depending on the structuring technique used in individual cases. This can lead to a
somewhat diferent device behaviour: If the pinholes in OPBTs are smal, the base
electrode may stil shield the colector ﬁeld, so that the curent injected from the emiter is
independent of the potential diference between emiter and colector (as is the case for
hot carier OPBTs). The larger opening in OSIT base electrodes provide no such shielding.
Furthermore, the openings are expected to be large enough so that they do not represent
a botleneck for charge transport. OSIT devices are therefore largely expected to operate
on the principle of space-charge limited curents [185, 189].
Stil, treatment of the base electrode and particularly insulation of the base electrode’s
surface is a key feature to realise high On/Of ratios [188, 192]. Trap formation near the
base electrode or the insulators surounding it may be prevented by treatment with a
suitable SAM. This reduces bias stress efects, as shown e.g. by Linet al.[186].
3.2. ORGANIC SCHOTTKY BARRIER TRANSISTORS (OSBTS)
Organic Schotky barier transistors are perhaps the simplest of the vertical organic tran-
sistor architectures. In a broad sense, they may be described as simple organic Schotky
diodes which are controled by a gate contact underneath. One might thus refer to them
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also asswitchable organic diodes. In order for the gate electrode to have any efect on
the OSBT, the source electrode must be permeable for DC ﬁelds, which is again achieved
by using perforated electrodes. The Schotky barier then limits the Of-state curent
of the OSBT, while the gate ﬁeld lowers this barier in the On-state and thus increases
charge carier injection into the diode. This concept was ﬁrst introduced by Ma and Yang
in 2004 [193] and has since then been adopted by many groups due to the simplicity and
versatility of the structure. Using this concept, memory devices [194] and light-emiting
transistors [195, 196] have been realised.
3.2.1. SOURCE PERFORATION
The ﬁrst reported OSBT relied on a source electrode similar to the base electrode in
OPBTs: By depositing only a thin metal bi-layer of Cu and Al onto a supercapacitor cel,
Ma and Yang ensured a surface roughness of this electrode sufﬁcient to form pinholes,
which were then ﬁled by the organic semiconductor C60[193]. They later replaced this
metal bi-layer by a single Al layer of≤20 nm thickness [195, 197, 198] and demonstrated
via UPS measurements that the gate electrode could indeed modulate the injection barier
between the Al source electrode and the semiconductor above [199]. The screening efect
of the source, stil present due to the smal perforation size, was compensated by the high
gate capacitance of the supercapacitor [193]. Particularly their ﬁrst work demonstrated
excelent performance, with an On/Of ratio > 106at a curent density in the On-state of
4 A/cm2and an applied gate bias of only 5 V.
Unique architecture and concept for high-performance organic transistors
Liping Ma and Yang Yanga)
Department of Materials Science and Engineering, University of California, Los Angeles, California 90095
(Received 9 July 2004; accepted 30 September 2004)
We report an organic transistor with a verticaly stack structure, which consists of a layer-by-layer
active cel(drain/organics/source)on top of a capacitor cel(source/dielectrics/gate); the middle
source electrode is shared by the capacitor cel and active cel. Three unique characteristics of this
transistor,(a)its very thin and rough middle source electrode;(b)its capacitor cel with high
charge-storage capability, alow the active cel to be inﬂuenced when the gate is biased; and(c)the
large cross-section area and smal distanc betweenth souce andthe drainalow curent ﬂowing
between the source and drain electrodes. Devices have been fabricated by thermal evaporation with
the source-drain curent wel modulated by the gate potential. We have achieved organic transistors
with low working voltage(less than 5 V)and high curent output(up to 10 mA or 4 A / cm2)and
an ON/OFF ratio of 4 106. A model is proposed for the device operation mechanism. The
demonstrated device with its enhanced operatingcharacteristics may open diectionsfor oranic
transistors and their applications. ©2004 American Institute of Physics.[DOI: 10.1063/1.1821629]
Organic ﬁeld efect transistors(OFETs)and thin ﬁlm
transistors have atracted considerable atention sincetheir
discovery1,2due to their ﬂexibility, low cost, and amenability
to fabrication over large surface areas. They have been ex-
tensively investigated.3,4 However, the performance of
OFETs is stil poor compared to their inorganic counterparts,
showing low curent output(on the order of A)and high
working voltages(up to 100 V)in general.4,5Some ap-
proaches to enhance the OFETs’ performance, such as de-
creasing the channel length and increasing the dielectric con-
stant of the gate dielectrics, have been reported.6–11
However, the performance is stil quite limited. In hisleter,
we demonstrate an organic ﬁeld efect transistor that utilizes
a verticaly stacked structure with promising performance.
Figure 1(a)shows a schematic diagram of the device
structure. It consists of an active cel on top of a capacitor
cel. The middle electrode is deﬁned as the common-source
electrode, which is very thin and rough(the roughness is
comparable to its thickness). The top electrode and the bot-
tom electrode are deﬁned as the drain and gate electrode,
respectively. The operating principal of our device, which
wil be discussed later, requires two important conditions to
be satisﬁed simultaneously,(a)a thin and rough source elec-
trode, and(b)a high capacitance for the botom capacitor
cel. Figure 1(b)shows an atomic force microscope(AFM)
image of the surface of the source electrode for our device,
indicating its granular structure and high roughness. Figure
1(c)shows the high capacitance of the botom capacitor cel,
and the inset of Fig. 1(c)shows the humidity dependence of
the capacitance of the capacitor cel for our devices, suggest-
ing solid-state electrochemical supercapacitor formation.
This device structure provides, intrinsicaly, a very short
“channel length” between the source and drain electrode and
an extremely large cross-sectional area, alowing the possi-
bility for low working voltages and high curent outputs. We
deﬁne this device as a gate-source-drain vertical organic ﬁeld
efect transistor(VOFET).
Vacuum thermal evaporation methods were used for de-
vice fabricaton. Materias wrepurchased from Aldric and
they were used as received. CopperCu was ﬁrst deposited
on a precleaned glass substrate as the botom gate electrode.
The lithium ﬂuoride LiF layer, 240 nm thick, folowed as
the gate dielectric layer. Cu20 nm/ Al10 nmwas depos-
ited next as the sourc electrod.C60was depoitd on tp ofthe source electrode as the active organic layer. Finaly, the
top electrode was deposited to complete fabrication of the
device. The device area 0.25 mm2 was deﬁned by the
crossover between the drain and source electrodes.
Drain-surce curent–voltage Isd–Vd characteristics tvarious gate potentials for a VOFET with C60as the organiclayer and Cu/ Al as the source electrode are shown in Fig.
2(a). For this device the curent output is near 10 mA(or
4 A / cm2)at working voltage less than 5 V. It should be
mentioned that thelekage curent rom gatetosource is in
a)Author to whom corespondence should be addressed; electronic mail:
yangy@ucla.edu
FIG. 1.(Color)(a)The schematic diagram of the proposed device structure.
(b)atomic force microscope image of the surface of the source electrode.(c)
The frequency dependence of the capacitance for the capacitor cel with
ambient relative humidity of 44%. The inset is the ambient relative humidity
dependence of the capacitance for the capacitor cel at 25 Hz without dc
bias.
APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 21 22 NOVEMBER 2004
0003-6951/2004/85(21)/5084/3/$22.00 © 2004 American Institute of Physics5084
Unravelingthe PhysicsfVericalOrganic Feld Eﬀc Transistrs
through Naoscale Enginering of a Self-Assembled Transparent
Elcrode
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Sara and Moshe Zisapel Nano-Electronic Center, Department of Electrical Engineering, Technion - Israel Institute of Technology,
Haifa 3200, Israel
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ABSTRACT:While oganic transistors’prformances are
continualypushed to achievlwer power cnsumption,
higher working frequencies, and higher curnt densitis, a new
type of organic transistors charactrzed by a vertical
archictur oﬀers a radicaly diﬀerent design apprach to
outperform its traditional counterparts. Naturaly, the distinct
vertical architecture gives way to diﬀerent governing physical
ground rules and structural key features such as the need for an
embedded transparent electrode. In this paper, we make use of
a zero-frequency electricﬁeld-transparent paterned electrode produced through block-copolymer self-assembly based
lithographyto contrl th performanesf the vertical organicﬁeld eﬀect tranistor (VOFET)and to studyits govening
phyical mechanisms. Unlike other VOFET structures, this design, involvingwel-deﬁnd electrodarchitctur,i fulytractable,
alowing for detailed modeling, analysis, and optimization. We provide for theﬁrst time a complete account of the physics
underpinning the VOFET operation, considering two complementary mechanisms: the virtual contact formation (Schotky
barier lowering) and the induced potential barier (solid-state triode-like shielding). We demonstrate how each mechanism,
separately, accounts for the link between controlable nanoscale structural modiﬁcations in the paterned electrode and the
VOFET performances. For example, the ON/OFF curent ratio increases by up to 2 orders of magnitude when the perforations
aspect ratio (height/width) decreases from∼0.2 to∼0.1. The paterned electrode is demonstrated to be not only penetrable to
zero-frequency electricﬁelds but also transparent in the visible spectrum, featuring uniformity, spike-free structure, material
diversity, amenability withﬂexible surfaces, low sheet resistance (20−2000Ωsq−1) and high transparency (60−90%). The
excelent layer transparency of the paterned electrode and the VOFET’s exceptional electrical performances make them both
promising elements for future transparent and/or eﬃcient organic electronics.
KEYWORDS:Organic electronics, vertical FETs, transparent electrodes, self-asembly, polymers
The recent entry of organic electronics into publicawareness, accompanied with numerous commercial
announcements onﬂat-panel displays andﬂexible displays, is
encouraged by the signiﬁcant progress in robust design and
engineering of organic electronic elements. Perhaps the most
important organic electronic element is the organicﬁeld eﬀect
transistor (OFET), the fundamental building block of logic
circuits1and active matrix2displays. Characterized byﬂexibility,
thin lightweight structure, low-cost, and large area fabrication
amenability, the OFET draws signiﬁcant interest from both the
scientiﬁc and industrial communities. This interest is reﬂected
in the rapid improvement of OFETs performance witnessed in
recent years, accomplished through use of beter materials,
interfaces, and structure designs. Nonetheless, high perform-
ance in terms of low-power, low-voltage, and high-frequency
operation also requires the implementation of short-channel
length devices, which in turn cals for expensive lithography
typicaly not tailored to large area electronics. A promising
OFET type suggested in recent years is the vertical OFET
(VOFET).3−6Its nontraditional architecture enables simple
implementation of low-power, high-operating frequency, and
high-driving current devices whose channel length is
determined simply by the active layer thickness, a parameter
easily scaled down in fabrication, doing away with complex
lithography processes. Another fundamental advantage of the
VOFET architecture is its straightforward functionalization to
light-emiting purposes.7Beneﬁting from an architecture similar
to that of the standard organic light emiting diodes (OLEDs),
a vertical organic light-emiting transistor features drastic
advantages forﬂat panel display technology by reducing the
number of elements required to be implemented on each pixel
and freeing the large area fraction of the pixel otherwise
occupied by the active matrix driving transistor, rendering
active almost the entire pixel area.8
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200 nm thick thermal oxide, possessing a capacitance of
only 17 nF/cm2. Nevertheless, the devices gave output
currents of 3 mA/cm2at a drain voltage (VD) of only 5 V.
Because of the low capacitance of the thick dielectric layer,
however, the devices required a gate voltage (VG) of(50 V
for an on/of ratio of only 102.17Here we correct these
deﬁciencies demonstrating a CN-VFET employing a high
carrier mobility organic channel layer fabricated on a thin
dielectric with a capacitance of 354 nF/cm2. These modiﬁca-
tions yield devices that meet or exceed state-of-the-art
performance.
Yamamoto and Takimiya recently reported their syn-
thesis and application of an air-stable smal molecule with
a high hole mobility: dinaphtho-[2,3-b:2′,3′-f]thieno[3,2-b]-
thiophene (DNTT). In conventional TFT devices on Si/SiO2
substrates with an octadecyltrichlorosilane (OTS) self-as-
sembled monolayer (SAM), mobilities of 2.9 cm2/(V s) were
reported.18The highest occupied molecular orbital (HOMO)
level of DNTT is at-5.4 eV. Compared to pentacene (HOMO
level-5.0 eV), the deeper HOMO of DNTT renders it air
stable. Shown in Figure 1 is the molecular structure of DNTT.
The air stability of DNTT vs pentacene in TFT devices has
been investigated by Klauk and co-workers. DNTT TFT
devices retained 50% of their initial performance after 8
months in air whereas pentacene devices degraded by more
than an order of magnitude after only 3 months.11This
material combined with the 800 nF/cm2capacitance of a
sub-6-nm bilayer dielectric of aluminum oxide and a SAM
yielded the record performance mentioned above.11
The current in conventional lateral channel TFTs scales
linearly with the length of the electrodes (the channel width).
While the current in VFETs scales with the channel area, i.e.,
the area of the organic semiconductor sandwiched between
the planar electrodes. To provide a ﬁgure of merit (FOM) that
alows a direct comparison of the two types of devices, we
convert the linear current density of a TFT into an efective
areal current density (JEf). This is rationaly done by assum-
ing an interdigitated source-drain electrode patern wherein
the width of each source and drain ﬁnger is taken to be equal
to the channel length of the TFT, thus preserving the resolu-
tion of the minimum feature size used for the channel. This
interdigitated ﬁnger arrangement optimizes the areal usage
for the lateral channel devices because every ﬁnger provides
an electrode for the channel on each of its two sides (details
for determination ofJEf for the lateral channel TFTs are
provided in the Supporting Information). The area occupied
by the transistors is especialy important in AMOLEDs where
the drive transistor occupies pixel real estate and therefore
reduces the organic light emiting diode (OLED) pixel aper-
ture ratio (the fractional pixel area occupied by the OLED).
Given that maximum on-current for minimum device area
is desired, such on-current/device area provides an impor-
tant FOM beyond the comparison with VFETs. With this
FOM, the 17µA/mm output current of the 30µm channel
length TFTs by Klauk and co-workers translates to aJEfof
28 mA/cm2,11surpassing the 17 mA/cm2of the VFET by
Yang and co-workers.13
Our device schematic is shown in Figure 1. The gate
electrode was 60 nm of aluminum thermaly evaporated
onto glass substrates. An aluminum oxide dielectric layer
was formed on the aluminum gate by O2plasma oxidation
in a barrel asher, similar to that described in ref 19 but using
longer times in the oxygen plasma to maximize the oxide
thickness and thereby minimize leakage current. A thin
hydrophobizing layer of a low-k dielectric: benzocyclobutene
(BCB) was diluted in trimethylbenzene and spin coated to a
thickness of∼5 nm.20The BCB layer was subsequently hard
baked at 250 °C for1honahotplate in an Ar glovebox
where it cross-links and becomes impervious to solvents.
Contact to the CNT source layer was made by predeposited
Cr/Au (8/40 nm thick, respectively) source contacts. The
dilute nanotube source layer was fabricated as described
previously.21Folowing nanotube layer deposition, the sub-
strates were loaded into a dual Ar glovebox that contains
separate organics and metals vacuum thermal evaporation
systems permiting deposition of organic channel layers and
metal contacts without exposure to ambient air. The sub-
strates were baked on a hot plate in the glovebox at 225 °C
for 1 h, prior to deposition of DNTT (details on the efect of
the bake are in the Supporting Information). DNTT was used
as received from Nippon Kayaku Co., Ltd. It was thermaly
evaporated from an efusion cel at∼210 °C at a growth rate
of∼2.1 Å/s in a pressure of∼5.0×10-7Torr to a thickness
of 480 nm. Substrates were subsequently transferred to the
FIGURE 1. Schematic of the CN-VFET. The nanotube source electrode
is depicted in the drawing by an AFM image with a scan size of∼1
µm×1µm. Also shown is the wiring diagram for the device. When
the drain voltage is negative, holes are injected from the nanotube
source electrode (held at ground) into the semiconductor layer and
travel in the vertical direction (arrows) to be carried out by the drain.
Shown on the top is the molecular structure of DNTT.
© 2010 American Chemical Society 3468 DOI: 10.1021/nl101589x |Nano Lett.2010,10, 3467-–3472
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Figu 3.6.:Schemat rsntionsofth difrent urceeletrode arhtcturs used
inOSBTs: (a)Theporous souc of Ma ad Yng,(b) th patrnd souceof
Ben-Sa o etal.ad (c) th carbon nanoue(CNT) etodinrodu dby
MCrthyetal.Repri d from ef. [193, 200, 201] with the permission of AIP
Publishing and the American Chemical Society.
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In2009,Ben-Sassonetal.modiﬁedtheapproachofMaandYangtoincludeanactively
paternedsourceelectrode[202].Theyusedablockco-polymer(BCP)templatetorealise
a10nmAusourceelectrodewithcylindricalopeningsofapproximately80nmdiameter,
arguingthatalargerperforationsizethanthatusedby MaandYangwoulddecrease
thescreeningefectofthesourceandthusreducetheneedforhighgatecapacitance
[202,203]. WhilethesedevicesshowsimilarcurentdensitiesintheOn-state,theOn/Of
ratioofthepaternedsourceOSBTsisgeneralylower[202,204].Asreplacementofthe
paternedsourcebyagridofmetalicnanowiresdidnotimproveuponthisfact[205],itis
tobeassumedthattheexcelentOn/OfratioofMa’sdevicewasindeedfacilitatedbythe
supercapacitorratherthantheinjectionbarierbetweenthesourceandsemiconductor1.
Nevertheless,laterworkofGreenmanetal.wasabletodemonstrateveryhighcurent
densitiesof3A/cm2andswitchingwithin1-2µs[206].
TheﬂexibilityoftheOSBTconceptwasdemonstratedbyLiuetal.in2008,whonotonly
replacedtheporoussourceelectrodeofMaandYangbyanetworkofsinglewalcarbon
nanotubes(CNTs),butalsoinsertedanOLEDstackinplaceofthesinglesemiconductor
useduntilthen[207].TheresultantdevicewastermedaVerticalOrganicLight-Emiting
Transistor(VOLET)andwaslateroptimisedtoincludeemissionlayersforred,blueand
greenlight,selectablebydiferentbiasconditionsofthegate[196].Lemaitreetal.further
improvedtheoriginalOSBTdesignbyreplacingtheCNTsourceelectrodebyaperforated
graphenesheet[208],whichimprovedtheOn/Ofratioofp-typeOSBTsbeyond106for
On-statecurentdensitiesof200mA/cm2.
3.2.2.OPERATIONALPRINCIPLE
AsXuetal.haveshownbytheirUPSstudies,theOSBTdoesindeedrelyonmanipulation
oftheSchotkybarierbetweenthesourcecontactandtheorganicsemiconductor.Forthe
caseofMa’sdevice,thismanipulationisfacilitatedbyaso-caledsupercapacitorcel,which
producesahighgatedielectriccapacitanceinambientconditionsduetotheformation
ofmobileionsinsidethedielectric.Lietal.haveshownbytemperature-dependent
measurementsoftheoutputcharacteristicsthatifthemotionoftheseionsisslowed
downbylowtemperatures,thetransistorperformancedropsconsiderably[198].This
1Infact,thedeviceof MaandYangmustbeassumedtohavearelativelylowSchotkybarierasthe
workfunctionofCuisapproximately4.7eVandthusconsiderablyclosertotheLUMOofC60(approximately
4eV)thantheworkfunctionoftheAuelectrode(approximately5.1eV)usedbyBen-Sasson.
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givesstrengthtotheargumentofBen-Sassonetal.thatmoreandlargeropeningsinthe
sourceelectrodearedesirableastheyremovethedependenceoftransistoroperationon
thissupercapacitorconcept.
Indeed,Ben-Sassonetal.haveprovidedaverythoroughexplanationoftheworking
principlesoftheOSBTbasedonexperimentsandsimulationalike(seeﬁgure3.7)[203,209].
Accordingtothisdescription,theOf-stateofanOSBTisdominatedbyleakagecurents
fromthetopsurfaceofthesourceelectrode,whichmaynotbecontroledbythegateﬁeld
duetoscreeningefects.ThisOf-statecurentmaybedescribedasaninjection-limited
curent(withinjectionbarierΦB)oftheform
IOf =eµN0F⊥exp−eΦBkBT 1−FF (3.3)
whereN0isthedensityofstatesintheactivelayer,F⊥istheperpendicularsource-drain
ﬁeldatthetopsurfaceofthesourceelectrodeandthefactor1−FF accountsforthe
factthatonlythetopsurfaceofthesourcecontributestotheleakagecurents,while
injectionfromtheopenings(withﬁl-factorFF)isswitchedofbythegate.Theseopenings
mayinfactbetreatedsimilartoacoplanar,botom-gateOFET(seeﬁgure2.1):Asthegate
potentialisincreased,itservestoweakentheinjectionbarieroftheverticalsidewals
oftheopeningsandchargesareinjectedintothesemiconductor.Inanalogytothe
OFETpicture,theyarepuledtowardsthegatedielectricinterfaceinsidetheopening
andaccumulatethere.Astheycannotdifusefurtherthanthediameteroftheopening,
theaccumulatedchargesformavirtualcontactatthebotomoftheopening.Sincethe
source-gateﬁeldandthesource-drainﬁeldactagainsteachother,a’tunnel’ofalmostzero
ﬁeld-strengthformsatthesidewalsoftheopening,and-dependingonthediameterof
theopening-thisefectmayevenextendintothecentreoftheopening.Consequently,
chargecariersfromthevirtualcontactdifuse,ratherthandrift,towardsthedrainuntil
theyreachtheinversionpointabovethesourceelectrodeatwhichthesource-gateﬁeld
andsource-drainﬁeldstopcancelingeachotherout.Fromtheinversionpointonwards,
chargecariertransporttowardsthedrainisdrift-dominated.Thepositionofthisinversion
pointdependsuponthethicknessofthesourceelectrode2.Thedrift-dominatedOn-state
2Ben-Sassonetal.havestudiedtheefectsofsourceelectrodethickness,openingdiameter,ﬁl-factor,
injectionbarierheightanddielectricthicknessupontheperformanceoftheOSBTandderivedoptimisation
rulesfromtheseresults[203].
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curent,accordingtoBen-Sassonetal.mustthentaketheshapeofaspace-chargelimited
curentwith
IOn=98ε0εrµ
V2DS
L3FF (3.4)
whereL
30%. For a device in total area of 10 mm2,thechannelwidth
value is between 100 to 200 m according to Eqs.(8a)and(8b),
respectively. For the sake of comparison, lateral devices fabri-
cated with lithographic resolution of 1lmoccupyingthesame
surface area have approximately 3 mm channel width, ﬁve
orders of magnitude smaler. Thelargechannelwidthatthe
vertical device indicates that these interfaces would not consti-
tute a botleneck for the curent-voltage behavior in the active
state.
E. On and Of states
General device behavior can be deduced using the fol-
lowing three observations: First, the On curent originates
only from the perforations area. Second, the Of curent orig-
inates solely from the rest of the SE (i.e., top surface). Third,
the channel width is large and hence does not constitute a
botleneck for the curent voltage behavior in active state.
Folowing the above observations we consider two limiting
cases for the curent regimes. In the ﬁrst limiting case, when
the device is at Of state, charges are extracted to the active
layer only due to applied drain-source voltage. In this conﬁg-
uration the similarity to a diode structure is obvious and we
expect Contact Limited (CL) behavior which is described by
Eq.(9),
JOf ¼qlnN0E?exp qubkT 1 FFð Þ; (9)
E?is the perpendicular electric ﬁeld applied to the SE top
facet,LOf is the Of Channel length (the distance between
the SE top facet and the drain electrode), and the (1-FF) fac-
tor accounts for the Of current originating from only part of
the device area (SE top surface). The second limiting case
occurs when the device is at the On state and charges are
extracted from the source electrode by the gate and accumu-
late at the perforations. The large accumulation of charges at
the dielectric interface in the source perforations creates the
virtual contact and if the density is sufﬁciently high it wil
act as an “inﬁnite” charge reservoir as would be the case for
an ohmic contact. In that case, space charge limited curent
(SCLC) regime is expected where the device behaves
according to Eq.(10)20,21,29and the (FF) factor accounts for
the On curent originating only from the perforations area.
JOn¼98e0eln
V2DS
L3FF: (10)
These two limiting cases are best observed when measuring
the device output characteristics, sweeping the drain poten-
tial while the gate is either closed (Of state¼gate source
bias is negative with respect to the drain source bias) or fuly
open (|VGS| |VDS|). To ilustrate the strength of these
observations we show below a parameter extraction proce-
dure applied to a measured PE-VFET device. We note that
the Gate potential values at the experimental part (VG¼40
V) are higher than those in the theoretical part (VG 10 V)
primarily due to geometrical diferences. In this context, the
most relevant feature is the dielectric thickness which is
equal to 100 nm in the experimental part and 50 nm in the
theoretical part (see Fig.14).
Output curves of measured devices at On and Of states
are shown in Fig.6(a)and Fig.6(b)(circles), respectively.
Curve ﬁting at On state (SCL regime) based on Eq.(10)is
shown in Fig.6(a)(solid line). The curve ﬁting for contact
limited regime (Of state) based on Eq.(9)is shown in Fig.
6(b)(solid line). For this ﬁt, shown in Eq.(12), we use the
image force barier lowering described in Eq.(11).23
ub¼ub0 Du¼ub0
ﬃﬃﬃﬃﬃﬃqE?
4pe0e
r
; (11)
JOf ¼qlnN0exp qkT ub0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃqVDS
4pe0eLOf
r
VDS
LOf 1 FFð Þ: (12)
We useE?¼[VDS/LOf] assuming that in the regions outside
the perfation area, between the source and the drain, the
electric ﬁeld is constant due to low charge concentration at
CL regime.
Fiting coefﬁcients values extracted from the device char-
acteristics shown in Fig.6are detailed in TableI,wheretheﬁrst
two coefﬁcients are ascribed to the Of state measurement and
the third coefﬁcient is ascribed to the On state measurement.
Device parameters (detailed in TableI) are then deter-
mined as folows. Efective channel length is determined ﬁrst
through coefﬁcient #2, mobility is determined through coef-
ﬁcient #3 and potential barier is determined through coefﬁ-
cient #1 (we assume the mobility at CL and SCL regimes is
unchanged andL LOf).
FIG. 6. (Color online) Output characteristics for experimental measure-
ments (circles) and simulation results (triangles). Fiting curves indicated
with solid lines. (a) Device at On state,VG¼40 V. (b) Device at Of state,
VG¼ 5V. Dashed line is the calculated curve based on Eq.(9)for a device
with no potential barier lowering due to image potential.
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the chargesout oftheSE and into the perforation ara(i..,
gap) such thata vrtul cotac iscreated. To undertand the
device operation in more detai, one has ﬁrst to folow the
potntial nes insuch adevice ndtheirdependence on the
sructural parameters. Weﬁs consider thedevice without
any injected chargespresent.In a on-patern source con-
ﬁguration, the potential shape would have been very simple,
comprising two ﬂat surfaces, one between the gate and the
source, and the other between the source and the drain
(dashed line in Fig.2). When the source electrode is com-
pletely removed only one ﬂat surface exists between the gate
and the drain (doted line in Fig.2). The perforated electrode
shape is a mix of both cases, resulting in a complex potential
suface. The solid line in Fig.2shows the potential spatialy
locted at the perforation center and along the vertical axis.
Th diference between the doted and solid lines indicates
he existene of lateral electric ﬁelds concentrated at the area
of the perforations. The arow in Fig.2indicates the point at
whch the electric ﬁeld, at the center of the gap, changes sign
and sarts to pul electrons toward the drain electrode. We
term this point as “inversion point” and as we wil show, its
position is afected by the source electrode thickness and it
inﬂuences device performance. We elaborate on the inver-
sion point in Sec.IV B.
The shape of the potential surface with the same biasing
conditions as in Fig.2solved by the numerical simulation is
presented in Fig.3(a). Figure3(a)shows that for the vertical
conﬁguration the gate efect is restricted to the close proxim-
ity of the source perforations and speciﬁcaly it does not afect
the drain electrode injection properties. Therefore, injection
through the drain would contribute only to the device leakage
curent and hence, its injection properties have to be mini-
mized through judicious choice of the electrode material. The
above leads to the conclusion that an optimized vertical device
is of single carier type, as considered in the numerical model.
The electric ﬁelds quiver plot shown in Fig.3(b)demon-
strates the electric ﬁeld magnitude and direction in the region
close to the perforation edge. We distinguish between the
side and upper interfaces of the SE with the active layer and
refr to them as the source lateral facets and the source top
facet, respectively. Modifying the gate potential, non-homo-
geneously varies the electric ﬁeld applied to the SE surfaces.
Examining the electric ﬁeld values close to the interface we
ﬁnd that the maximum increase in the electric ﬁeld is at the
botom of the lateral facets and it lessens as one moves away
from the dielectric surface. Furthermore, the electric ﬁeld
over the source top facet is negligibly afected by the gate,
indicating that the gate’s main role is in varying the injection
properties of the source lateral facets. More insight is gained
through analytical Laplace model developed based on the
numerical simulation results (see the Appendix). As is shown
in the Appendix, most of the charge injection (extraction
from the SE) at the On state takes place at the botom of the
perforations’ lateral facets in close proximity to the dielectric
surface.
B. Charge carrier concentration
Charge carier concentrations are presented in Fig.4.
Simulation results are obtained for a device with the same
structural parameters as in Fig.4and for biasing conditions
oVG¼5 V,VD¼2 V, andVS¼0 V. Figure4omits the gate
lectrode and gate dielectric layers as they do not participate
in charge carier conduction. The charge extracted from the
FIG. 2. (Color online) Schematic descriion of th poential distributon in
adevice eptyof charges withVG¼2 V,VS¼0 V,VD¼5V. Doted lin
represents a structure withtheSE removed.Solid line represents astruture
with a gap size of 60 nm and SE thcknss of 5 nm(verticl ar wdenotes
the point at wichth electric ﬁlds stat toplelectronstward the drain).
Dashed line represents the potential outside the perforated region.
FIG. 3. (Color online) (a) Potential surface shape in an active device with
sructural parameters ofD¼60 nm,FF¼37.5%,hd¼50 nm,hs¼6 nm,
ub0¼0.6 eV, andL¼100 nm, and biasing conditions:VG¼2 V,VS¼0 V,
VD¼5 V. The vertical white arow denotes the point at which the electric
ﬁeld, at the center of the gap, starts to pul electrons toward the drain. (b)
Electric ﬁeld quiver plot focused on the area of the gap edge.
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c) 
lateralprfoation facets by the lateal electrc ﬁlds accu-
mulaes within the perforation at the delectric interface,
forming thvirual ontac whichs the orign of th vertical
channel. Figure4 howsthat indeed the vertical channel is
locatd abo thesurce perforation.Th experieced reader
may note that the shape ofth charg ensityresembles that
foud in spac harg imited diode.We wil rvisit this ob-
servionlater n thetext.
1.T invrson point
The details of the shape of the vertical channel do not
depend only on the ﬁelds within the perforation but also on
the vertical electric ﬁelds in the active layer and particularly
above the perforation area. Unlike the lateral electric ﬁelds,
the vertical ones projected by the gate and drain electrodes
re opposite in direction. This efect led to the convex
shaped potential line along the device vertical axis (Fig.2,
solid line), indicating that the vertical electric ﬁelds direction
witches along this line. The spatial location of this turning
point which we refer to as the inversion point is a function of
the device structural parameters and the biasing conditions.
Detrminngthe inves  pointspatial location and its
potentialcannotbdone analyticly wthLaplacinterpre-
taionas the highcharge accumulation giﬁatly alters
the shape of thepotetial at the vertical channel are. The
vetical electricﬁds between theinsulatrsurfce, the ori-
gin of the accumulation, and t inversion point are indirc-
tion opposite to that applied by the drain. Therefore, the
charge concentration at the inversion point is actualy driving
the rest (upper part) of the vertical channel. The spatial dis-
tance and the related potential diference between the dielec-
tric layer and the inversion point determine the charge
density at that point with the potential diference acting as an
efective barier. Namely, the properties of the inversion
point (location/potential) afect the resulting current density
where a shorter distance would imply higher current.
C. Current flow
As the inﬂuence of the gate over the source electrode top
facet is negligible the varying charge injection atributed to the
On curent would occur solely at the gap from the source lateral
facets. As the charge that accumulates in the gap can ﬂow only
in the vertical direction one wouldexpectaverticalchannelto
extend from the gap to the drain electrode (see Fig.4). In this
scenario one can separate the device into two diferent func-
tional regions. The region between the dielectric (in the gap)
and the drain can be refered to as the On region (the channel)
while the region above the SE top facet can be refered to as
the Of (or “leakage”) region.
The device curent density quiver plot, at active state (after
channel formation), is shown in Fig.5.Thearowsdenotingthe
curent are overlaid on top of the charge concentration contour
(shown in Fig.4)forbeterorientation.Directionofelectrons
ﬂow is indicated with arows, thelength of which is logarithmi-
caly scaled with the curent density (note that the vertical and
horizontal axes are not to scale). Thecariers’pathisinitialyin
horizontal direction from the gap edges to the gap center. Its
density is at its maximum in closeproximity to the dielectric
interface and reduces fast as the distance from the dielectric
layer increases. The curent thenturnstotheverticaldirection,
driven initialy by difusion forces and kept at the center of the
perforation due to the lateral electric ﬁelds exerted by the perfo-
ration facets. As Fig.5shows, the curent initialy ﬂows
through a very short “tunnel” the length of which is determined
by the SE thickness. The efect of this “tunnel” wil be dis-
cussed later in the text.
D. Channel width (W)
It is common to associate the channel width with the
length of the injecting contacts. In the PE-VFET architec-
ture, the channel width would thus be measured by summing
the length of al the SE lateral facets. This value could be
assessed analyticaly assuming the perforation (gap) takes ei-
ther ideal circular or striped shape
aðÞWinterfacestriped¼2FF AD ;
bðÞWinterfacecircular¼4FF AD :
8><
>: (8)
Using the previously mentioned BCP fabrication method the
perforation diameter is roughly 60 nm and theFFis around
FIG.4(Colo online) Charge concenrationdistribuion, logarithmi sale,
fora dvice withsructural pameters ofD¼60nm,FF¼37.5%,hd¼50
nm,hs¼6 nm,ub0¼0.6 eV.andL¼100 nm,and biasing conditions:
VG¼5 V,VS¼0 V,VD¼2 V.
FIG. 5. (Color online) Curent density quiver plot overlaid on top of the
charge concentration contour for a device with structural parameters similar
to those in Fig.4and biasing conditions:VG¼3 V,VS¼0 V,VD¼2 V.
Arow size is logarithmicaly scaled with the curent density.
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Figure3.7.:WorkingmechanismoftheOBTasproposedbyBen-Sason etal.:(a)Ex-
perimenalan smulatdOn-sttecur ntoftheOSBTwithﬁtlines,(b)
ExperimentalandsimulatedOf-statecurentoftheOSBTwithﬁtlines,(c)
SimulatedpotentialdistributionintheOn-stateand(d)chargecarierdistri-
butionintheOn-state.Reprintedfromref.[203]withthepermissionofAIP
Publishing.
Chenetal.havedescribedtheOSBToperationalmechanismforthespecialcaseofCNT
orgraphenesourceelectrodes[210,211].Thesemustindeedbeconsideredseparately
duetotheuniquepropertiesofthesourcematerialsinquestion.Chenetal.showed
thatapplicationofagateﬁeldnotonlynarowstheSchotkybarierduetobandbending
(asisthecaseformetalelectrodes)butalsomodulatesitsheight.Thislaterefectis
possiblebecauseofthesigniﬁcantlylowerDOSinthesematerialsincomparisonwith
metalelectrodes.ForthecaseofCNTelectrodes,theauthorssuggestthattheOf-state
curentisdominatedbythermionicemissionovertheSchotkybarier,whiletheOn-state
curentisdominatedbyastrongtunnelingcomponentthroughthethinningSchotky
barier.Consequently,theOn/Ofratiocanbeimprovedbysuppressingthethermionic
componentwithahigherSchotkybarier,whileenhancingthetunnelingintheOn-state
throughnarowingofthebarier[211]. Chenetal.furtherarguethatthegateefect
canbeenhancediftheCNTelectrodeispreparedsuchthatitconsistsprimarilyofthin
CNTs,idealyinamonolayer,sincestacksofCNTswouldincreasethescreeningefect.
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Thesameistrueforgrapheneelectrodes,whereathingraphenesheetispreferableto
severalgraphenelayers.Furthermore,alargenumberofholesinthegrapheneisbeneﬁcial
foroperationaccordingtothesimulation,whiletheholediametershouldbekeptsmal
toavoidscreeningofthegatefromthechannellayer[210].Accordingtotheauthors,
theimprovementingraphene-basedOSBTperformanceobservedbyLemaitreetal.in
comparisontothepreviousCNT-basedOSBTsisduetothefactthatthecontinuous
graphenesheetalowsformoreprecisecontroloftheinjectionbarier,sincebarier
loweringandnarowingtakeplaceonlyintheperforations,wheretheyaredesirable.
Sofar,researchintoOSBTs,bothexperimentalandtheoretical,hasconcentratedon
thestructureandoperationofthesourceelectrode.Ifcontactdoping(e.g.byasuitable
SAM[212])wereincludedandthedevicesoptimisedforintegratedcircuitorhigh-frequency
applications,itistobeexpectedthatOSBTswouldprovepromisingcandidatesforlow-cost,
large-areaapplicationsoforganicelectronics.
3.3.VERTICALORGANICFIELD-EFFECTTRANSISTORS(VOFETS)
Theverticalorganictransistorsdiscussedsofaralhaveacommonfeaturedespitetheir
obviousdiferencesinworkingmechanism:Chargecariertransportisstrictlyvertical.
Whilethisapproachcertainlyofersthepotentialforextremelyshorttransportpaths,high
curentdensitiesand,fromanapplicationpointofview,highintegrationdensities,italso
comesatacertaincost:Theeasymanufacturingprocessesandsimplegeometriesdonot
necessarilyalowformuchdesignfreedom.Insulationofthebaseelectrodeinstandard
OPBTsforexampleisnotsoeasilyrealisedandcontactdopingforthesourceelectrodeof
OSBTsisonlypossibleifasuitableSAMisavailable,sincemoleculardopingofthevertical
sidewalsintheopeningsisdifﬁcult.
In2003,Stutzmannetal.andParashkovetal.proposedaslightlydiferentdevice
concept,whichoperatesonbothhorizontalandverticaltransportandthusunitesthe
designfreedomofconventionalOFETswiththeshortchannellengthsofverticaltransistors
[213,214].ThesedeviceswerelatertermedVOFETs[170]inordertohighlighttheirstrong
resemblanceofaconventionalOFET.AswithOPBTsandOSITs,thereareessentialytwo
sub-categoriestothisclassandtheyshalbediscussedseparatelyinthefolowing,as
theirgeometriesandworkingmechanismsarenotexactlyidentical.
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3.3.1.STEP-EDGEVOFETS
ThetransistorsproposedbyParashkovetal.andStutzmannetal.falintothecategoryof
step-edgeVOFETs,atermcoinedseveralyearsaftertheirﬁrstdemonstrationbyTakanoet
al.Asthenamesuggests,thekeyfeatureofthisgeometryisthewrappingofthetransistor
channelaroundsomekindofverticaledge,whichactsasaspatialseparatorbetween
thesourceandthedrainelectrode,ascanbeseenfromﬁgure3.8.Thegateelectrode
generalyfolowsthisedge,sothattheentirechannellengthhasagatedielectricinterface
similartothatinconventionalOFETs.Asaconsequence,theoperationmechanismof
thisstructureisperhapsbestdescribedasthatofashort-channelOFET:IntheOn-state,
chargecariersareemitedmoreeasilyfromthesourceelectrodeduetotheSchotky
bariernarowingprovidedbythegateﬁeld.Thecariersconsequentlypassthebulkof
thesemiconductorinordertoaccumulateatthegatedielectricinterface.Difusionalong
thisinterfacenowresultsintransportintheverticaldirectionandsothechargecariers
areeventualycolectedbythedrainﬁeldwhichmaybelocatedaboveorunderneath
thesourceelectrode.Similarly,thegateﬁeldsuppresseschargecarierinjectioninthe
Of-state,sothatonlyaweakleakagecurentbetweensourceanddrainismeasuredhere,
whichdependslargelyontheinsulationpropertiesofthestep-edge.
WhilebothParashkovandStutzmannusedaVOFETdesignwhichreliesonapolymer
insulatinglayerbetweentheotherwiseoverlappingsourceanddrainelectrodes-an
approachalsofavouredbyYutanietal.[215]andLiuetal.[216]-laterworksoften
separatedthesourceanddrainnotonlyinheight,butalsobyalateraldistancesoas
toreduceleakagecurents.ThisideawasﬁrstintroducedbyChenetal.,whouseda
pre-paternedsiliconsubstrateasthestep-edgetemplatefortheirdevice.Inasimilar
fashion,Naruseetal.createdastep-edgebypre-paterningthegateanddielectriclayeron
aplanarsubstratetoastep-edgeheightandequivalentchannellengthofonly100nm[217],
whichisstiltheshortestchannellengtheverreportedforastep-edgeVOFET.Accordingly,
theirdeviceshowedaclearcontactlimitationandtheonsetofanSCLCregimeathigh
drainvoltages(seeﬁgure3.9).AsalreadypointedoutbyParashkovetal.andStutzmannet
al.,preciselythisbehaviourwouldbeexpectedofashort-channelOFET.Itshouldtherefore
beconsideredasﬁrstexperimentalevidencethatVOFETsareindeedgovernedbythe
sameoperationalprinciplesasconventionalOFETs.Naruseetal.consequentlymade
slightchangestotheexpressionforOn-statecurentdevelopedfromthegradualchannel
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thickness of 600 nm on a ﬂat surface was determined by
proﬁlometry. Access to the drain and source electrodes was
created mechanicaly. Gate electrode stripes of PEDOT:PSS
dispersion were cast on top of the gate dielectric above pho-
tolithographicaly deﬁned channelsa schematic of the pro-
cess is shown in Fig. 2.
Figure 3 shows the electrical characteristics of a vertical
channel al-organic pentacene TFT with channel length and
width of 2.4 m and 1 mm, respectively. Using the dielectric
constant ( 3) of polyvinyl alcohollayer,13we obtained a
charge carier mobility of about 0.01 cm2/V s in the satura-
tion regime and threshold voltage of 9.6 V. As can be seen in
Fig. 2, the transistor performance in our nonoptimized
samples has yet to be improved. Our further work wil focus
on this issue. However, our results are promising and clearly
demonstrate the viability of our technological approach to
prepare vertical channel al-organic TFTs. With the fabrica-
tion technology described here, it is possibleafter optimiza-
tionto achieve vertical channel lengths in the micrometer
range without high-resolution paterning techniques.
In summary, functional vertical channel al-organic tran-
sistors have been realized using a simple and potentialy in-
expensive technology. We have demonstrated as wel an ex-
perimental process for obtaining vertical channels by
solution processing. Atention is now focused on further im-
provement of quality and performance of the devices by re-
ducing the channel length and by optimization of electrode
and active layers deposition.
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FIG. 2. Schematic of the vertical channel al-organic TFT preparation pro-
cess.aBorosilicate glass substrate with paterned drain electrodes covered
with a 1.4- m-thick photoresist ﬁlm is exposed to UV through a mask. b
The source electrodes are applied perpendicular to exposed areas above the
drain contacts, and channel widths are controled by the width of the source
electrodes.cVertical drain–source channel is formed by development of
the photoresist (A 2 m,B 1.4 m), and channel lengths were calcu-
lated as 2.4 m. dPentacene active layer evaporation.ePolyvinyl al-
cohol dielectric layer spin coating. fGate deposition above vertical
drain–source channel.
FIG. 3. Electrical characteristics of an vertical channel al-organic pentacene
TFT.
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Figure3.8.:Theprepartinproce ofh se-dgeVOFETprposedbyParashkovet
al.(a)Borosilicaeglass ubstratewithpaerneddrainelectrodescovered
witha1.4-µm-thickpotoresitﬁlmisexposet UVthroughamask.(b)
Thesoureletrodesaeappliedprpendiculart exposedareasabovethe
draincontacts,andchannelwidthsarecontroledbythewidthofthesource
electrodes.(c)Verticaldrain–sourcechannelisformedbydevelopmentof
thephotoresist(A=2µm,B=1.4µm),andchannellengthswerecalculatedas
2.4µm.(d)Pentaceneactivelayerevaporation.(e)Poly(vinylalcohol)dielectric
layerspin-coating.(f)Gatedepositionaboveverticaldrain–sourcechannel.
Reprintedfro ref.[213]withth permissionofAIPPublishing.
approximation(seeequ.2.2and2.3)andhuspresentedananaly expressionforthe
On-statecurentoftheirdevice.
Morerecently,twogroupshaveconsiderablyadvancedthetechnologyofstep-edge
VOFETfabrication,namelythegroupofPf.KudoatChibaUnversityandtheropof
Prof.TakeyaatOsakaUniversity.Prof.Kudo’sgrouphassuccessfulydemonstratedthat
step-edgemaybeproducedalsobydepositingasufﬁcientlythickgateelectrode[218]and
werethusabletoachev stepsiz of0.5µm[219]andOn/Ofratiosof104,withcutof
frequenciesjustrechingheMHzregime[220].Th gropofTakeya,startingwit a
comparativelylowperf mncep-typedevice[221]hasdevelopedseveralslightlydiferent
architecturesforboth gid[222–224]andﬂexiblesubsates[225–227],whicharealbased
onthegeneralideaofformingastep-edgealreadyonthesubstrate,eitherbypaterning
asiliconwafer[222,223]orbyformingastep-edgeonaﬂatsubstrateusingeoxyor
photoresist[221,224–227].Thep-typeVOFETsfabricatedinthismannergeneralyshow
aweaksaturationregimeornosaturationregimeatal,dependingontheheightofthe
step[223,225].Inthecaseofverythinstepsof<1µmlength,theyalsobegintopresent
acertainamountofcontactlimitation,high-lightingoncemoretheshort-channelOFET
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A dual self-aligned vertical multichannel organic transistor (DSA-VMCOT) is proposed and demonstrated. The layouts of the shadow gate
and transparent source/drain are sequentialy determined using dual back-surface exposure. Vertical 100-nm channel and multichannel
structures are obtained using interdigital gate electrodes. This device concept is promising for use as a backplane with high curent driving
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Various organic transistors with advantages of beinglight weight, ultrathin, and ﬂexible have been studiedfor backplane devices.1–5)Issues regarding organic
transistors include the need to realize a smal parasitic
element, a larger curent driving capability, and good satura-
tion characteristics. In this study, we propose and investigate
a dual self-aligned vertical multichannel organic transistor
(DSA-VMCOT). Here, the layouts of the shadow gate and
transparent source/drain are sequentialy determined using
the dual back-surface exposure method. Short-channel and
multichannel structures are realized using interdigital gate
electrodes.
Figure 1 shows a cross-sectional view of the DSA-
VMCOT. The channel length of the device is determined
by the thickness of the second insulator. Therefore, a shorter
channel length can be realized by varying the thickness. The
position of the gate and drain is determined by ilumination
during back-surface exposure. According to our experiment,
the overlapping of the gate and drain can be reduced to
approximately 0.3m. Therefore, minimum overlap capaci-
tances between the gate and drain wil be realized. This
advantage can eﬀectively improve the maximum available
gain, i.e., higher-frequency operation for power ampliﬁca-
tion can be achieved. The only remaining problem is the
overlapping capacitance between the gate and source.
We shal present the principle of device operation.
Figure 2 shows a schematic view of the operation at the
channel in relation to the position of the electrodes. The
channel voltageVcðxÞat a distance ofxfrom the source is
given by
VcðxÞ¼14"
ZWG
0
ds
r
¼ 14"log
WGþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
W2GþðdGS xÞ2
q
dGS x
2
4
3
5; ð1Þ
where is the charge density at the gate electrode,"is the
dielectric permitivity of the insulator,dGSanddGDare the
thicknesses of the insulator between the gate and the source
and that between the gate and the drain, andWGis the width
of the gate electrode. Using eq. (1), the drain curentIDis
given by
ID¼hW½0þ ðxÞEx
¼hWqp½p0þ pðyÞEx
¼W p 4"
logWGþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
W2GþðdGS xÞ2
q
dGS x
2
4
3
5
½qhp0þVG VðxÞdVðxÞdx : ð2Þ
By integrating from the source (x¼0;V¼0) to the drain
(x¼L; V¼VD), the drain curent yields
ID¼
4"Wp
K ðVG VTÞVD
V2D
2
ðVD<VG VTÞ ð3Þ
2"Wp
K ðVG VTÞ
2
ðVD VG VTÞ ð4Þ
8>>><
>>>:
Fig. 1. Cross-sectional view of DSA-VMCOT.
Fig. 2. Description of device operation.ris the distance between
the point of channelxand the short segment of lengthds(y¼s).his
the thickness of the organic semiconductor, andW is the channel
width.
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to these extrinsic factors, we cannot achieve ideal device
operation and cannot evaluate eﬀective ﬁeld-eﬀect mobility,
as described in eqs. (3) and (4). This short-channel eﬀect can
be improved by scaling.7)One of the probable reasons for
this is the nonuniform gate electric ﬁeld going into the
channel due to the nonparalel conﬁguration of the transistor
structure.
In summary, a DSA-VMCOT was investigated. In this
initial stage of fabrication, the mobility of this transistor
may be low. Further improvement of the short-channel
organic transistor can be realized by optimizing this struc-
ture.
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(a) (b) 
Figure3.9.:(a)Sche aticrepresenatio ofthestep-edgeVOFETofNaruseetal.and(b)
outputcharacteristicsofthisdevice.Reprintedfromref.[217]withpermission
fromtheJapanSocietyofAppliedPhysics(JSAP).
natureofthesedevices.Bygradualyoptimisingtheprocessingconditionstorealise
smalerelectrodeoverlap,betermolecularorientationintheverticalchannelandshorter
channellengths,Unoetal.haverecentlymanagedtofabricateap-typestep-edgeVOFET
basedonDNTTwhichshowsanOn/Ofratioof107,whichisthehighestOn/Ofratio
ofverticalorganictransistorsreportedtodate.Furthermore,theyhaveimplemented
thesestep-edgeVOFETsintoarectifyingcircuitwhichoperatesabove20MHzandis
thusmorethansufﬁcienttobeusedinRFIDtechnology(operationfrequencyhereis
13.56MHz)[224].
Unfortunately,acomprehensivetheoreticalstudyonthepreciseoperatingmechanismof
step-edgeVOFETshasnotbeenpresentedyet,sothatthegeneraloperatingmechanism
mustbeestimatedfromtheexperimentaldatadiscussedabove.Thesimilarityofthelayer
stacksaroundthesourceelectrodeleavenodoubtthattheinjectionbehaviouratleastis
indeedverysimilartothatofanOFET,asdetailedinchapter2.Thefurtherevidencefor
short-channelbehaviourandcontactlimitationinbothbotom-andtop-contactstep-edge
VOFETswithstepheights≤1µmfurthersuggeststhatanequivalentdescriptionbya
short-channelOFETisatleastagoodapproximationtodescribetheobservedoutput
characteristics.
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3.3.2.THENAKAMURAAPPROACH
Thestep-edgeVOFETconcepthassofardemonstratedbotheasyfabricationprocesses
andexcelentdeviceperformanceforp-typeVOFETswithstandardhigh-mobilitymaterials
suchasDNTTorPentacene. Thisdeviceconcepthoweversufersfromtwo major
drawbacks:Forone,theperformanceofthesedevicesreliesverymuchontheprecise
controloftheprocessingconditions,asanymisalignmentduringdepositionofthesource
anddrainelectrodescaneasilyleadtolargeelectrodeoverlapsorevenshort-circuits.
Thismayseverelylimitreproducibilityonalargescale.Furthermore,thesedevicesare
somewhatlimitedindesignfreedom,asforexamplethemorphologyofthesemiconductor
attheverticalsidewal maynotbecontroledsoeasily,norcanonedepositseveral
diferentsemiconductorsintothischannel.Theimplementationoftheorganiclight-emiting
transistorconcept,forexample,isthusnotpossibleinastep-edgestructure.
AssistedbyProf.Kudo,Nakamuraetal.thuspresentedadiferentVOFETstructure
in2006,preciselyforthepurposeofrealisingaverticallight-emitingtransistor[228].
Thisdeviceisperhapsbestdescribedasaconventionalbotom-gatestaggeredOFET
withOLEDlayersanadditionalcontactstackedontoptorealiseaverticalarchitecture.
Indeed,theauthorswereabletoshowthatbyinsulatingthetopoftheOFETcontacts
withathicklayerofSiO2,theycouldinjectholesintothesemiconductorunderneaththe
contactswhichwouldthentravelaroundtheedgeofthecontacttoentertheOLEDstack,
wheretheywouldrecombinewithelectronsfromthetopdrainelectrodetoproducelight
emission.Abriefcommentoftheauthorsregardingtheformationofthelight-emission
zonesuggeststhattheverticalchannelonlygradualyextendsintotheregionbetween
twosourcecontacts,i.e.thelateralextendofthisverticalchannelappearstobeafunction
ofgatevoltage.Nakamuraetal.laterimproveduponthelightemissionbehaviourofthe
deviceinordertorealiseasimple16x16Pixeldisplay[229],butmadenofurtheratempt
atinvestigatingtheprecisetransportphysicsoftheirdevice.
Theconceptitself,however,wasrecentlytakenupagainbyKleemannetal.(seeﬁgure
3.11anditwasshownthatthissimplestructuremaybeusedalsoforhigh-performance
VOFETswithOn/Ofratiosof106[230].Assimilarperformanceswereobtainedforboth
n-typeandp-typedevices(usingC60andPentaceneasactivematerials)withvertical
channellengthsof500nm(forC60)and50nm(forPentacene),itwasconcludedthat
ratherthanbeinglimitedbytheorganicsemiconductor,theperformanceofthesedevices
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The authors report the characteristics of novel metal-insulator-semiconductor-type organic
light-emiting transistorsMIS-OLETs. The drain curent and luminescent intensity of the
MIS-OLET can be controled by changing hole injection cariers by applying a gate bias voltage. In
addition, the high performance400 cd/ m2atVD=−8 Vof MIS-OLETs fabricated on a plasticsubstrate as wel as on a glass substrate is demonstrated and described. ©2006 American Institute
of Physics.DOI:10.1063/1.2347152
In recent years, progress in organic transistors has been
remarkable1,2and there are many reports on active matrix
organic light-emiting diodeOLED displays using organic
transistors.3–6Furthermore, various types of self-radiation of
organic light-emiting transistors OLETs have been
reported.7–14OLETs are expected not only to achieve a sim-
pliﬁed organic active matrix display but also increased aper-
ture ratios in pixels, lowered power consumption, etc. As
driving elements, lateral-e.g., ﬁeld efect transistorFET
and vertical-e.g., static induction transistor type organic
transistors have been proposed,4–17and both have advantages
and disadvantages. For example, vertical-type OLETs using
an organic static induction transistor have relatively high cur-
rents and high speeds with low operational voltages, but the
fabrication of a ﬁne gate structure is necessary to achieve a
high on/of ratio. On the other hand, lateral-type OLETs us-
ing a standard FET structure show high drive voltage due to
a relatively long channel length, low luminance efﬁciency,
smal aperture ratio, etc. From these points of view, it is
important to employ a suitable device structure for high-
performance displays. In this leter, we demonstrate a high-
performance metal-insulator-semiconductor-type organic
light-emiting transistorMIS-OLET fabricated by an easy
process.
The schematic structure of the MIS-OLET used in this
study is shown in Fig. 1a. The MIS-OLET has a simple
structure with an OLED stacked on typical top-contact-type
organic transistors, and the cathode of the OLED acts as the
drain electrode. An insulating layer on the source electrodes
is employed to difuse the hole cariers efﬁciently to the
emiting layer through the semiconductor layer. The carier
ﬂow pass is important to increase the gate modulation of the
MIS-FET. The devices were fabricated on indium tin oxide
ITO; 20 / sq sheet resistancepaterned glass substrate and
the ITO works as the gate electrode. Polyhydroxy styrene-
based positive photoresistTMR-P10 from Tokyo Ohka Ko-
gyowas used for the gate-insulating layer. Pentacene was
obtained from Tokyo Kasei Kogyo, andN,N-diphenyl-
N,N-bis1-naphthyl-1 , 1biphenyl-4 , 4diamine -NPD
and tris8-hydroxyquinolatoaluminum Alq3 were pur-
chased from Nippon Steel Chemical. The photoresist was
spin coated onto the ITO substrates. Prebaking at 140 ° C for
5 min and postbaking at 200 ° C for 10 min were performed.
The photoresist ﬁlm, which works as the gate-insulating
layer, had a thickness of 300 nm and a relative permitivity
of 3.0at 1 kHz. A 50 nm thick pentacene layer was then
thermaly evaporated at 0.1 nm/ s. As the source electrode,
gold was then evaporated through a striped-type shadow
mask. An insulating layer of silicon dioxide SiO2 was
evaporated through the same shadow mask. The thicknesses
of gold and SiO2were 30 and 100 nm, respectively. Next,similar to the fabrication of OLEDs, the hole transporting
layer-NPD50 nmand the emiting/electron transporting
material Alq3 60 nmwere evaporated at 0.2 nm/ s. Finaly,LiF 1 nm and Al80 nm were evaporated to form the
aElectronic mail: nakamura@restaf.chiba-u.jp
FIG. 1. aSchematic structure of the MIS-OLETs.bA photograph of the
fabricated device. The device size is 2 2mm2. Both the linewidth and
spacing of the source electrodes are 100 m.
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Figure3.10.:(a)SchematicrepesentationoftheNakamuraVOFETand(b)aphotograph
oftherealdeviceunderbias.Reprintedfromref.[228]withthepermission
ofAIPPublishing.
mustdependlargelyoninjection(astypicalforshort-channeldevices)andthequalityof
thestructure.This,inparticular,wasimprovedconsiderablyincomparisontotheoriginal
devicebyNakamura,asanorthogonalphotolithographytechniquewasusedtostructure
theelectrodesandinsulator[90],whichwasassumedtoproducecleanerandsharper
P5 
or C60 
Drain (Au) 
Gate (Si) 
Dielectric (Al2O3) 
P5 or C60 
Source 
Insulator 
(Au) 
SiO2 
verticaledgesthantheshadowmaskspreviouslyusedbyNakamura.
Figure3.11.:SchematicoftheVOFETproposedbyKleemannetal.[230]asavariationof
Nakamura’sapproach.
Nevertheless,afulunderstandingoftheworkingmechanism,aspresentede.g.by
Ben-SassonfortheOSBT,iscurentlymissingforbothstep-edgeVOFETsandthegeometry
ofNakamura.Itistheaimofthesubsequentpartsofthisthesistousebothexperimental
andsimulationresultsinordertodeveloppreciselysuchanunderstandingoftheVOFET
structureusedbyNakamuraandKleemann.Itistobeexpectedthattheseresults,atleast
toacertaindegree,mayalsobetransferedtothestep-edgegeometry.
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4. METHODSANDMATERIALS
Thischaptergivesanoverviewoverthematerialsandexperimentalmethodsusedduring
theworkforthisthesis.Afterabriefsummaryoftheelectricalandchemicalproperties
ofsemiconductorsanddopantsusedwithinthiswork,theVOFETfabricationprocesswil
bediscussed,includingadiscussionofstructuringtechniquessuitableforpaterningof
organicelectronicdevices.Finaly,thediferentmethodsusedtocharacterisesamples
wilbeexplained. Particularfocuswilbeputonthetransmissionline method(TLM)
andthemethodofelectricpotentialmappingbythicknessvariation(POEM),whichare
essentialandusefultoolsinordertodeterminetheinjectionpropertiesoftransistorsand
thetransportpropertiesoforganicsemiconductors.
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Thischapterbrieﬂydiscussesthematerialsandexperimentalmethodsusedforsample
fabricationandcharacterisation.Foreachofthematerialsusedduringdevicefabrication,
chemicalstructuresandthemostimportantpropertiesaresummarised.Materialdepos-
itiontechniques,structuringmethodsandsubstratepreparationwilbeintroducedonly
brieﬂyandreferencestomoreextensivediscussionswilbegivenwhereappropriate.
Thecharacterisationmethodsusedtoinvestigatematerialanddevicepropertieswilbe
discussedinmoredetailandparticularfocuswilbegiventotheTLManalysisandthe
novelPOEMconcept,asmuchofthediscussionsfolowinginlaterchaptersbuildon
resultsobtainedwiththesetwomethods.Alternativemethodstoobtainsuchresultswil
alsobeintroducedbrieﬂy.
4.1. MATERIALS
Theorganicmaterialsusedtopreparethedevicesdiscussedinthisthesiscanbeloosely
categorisedintomatrix/transportmaterialsanddopants.Thepropertiesoftransport
materialsrelevantforsamplefabricationandmeasurementsaresummarisedintable4.1
withreferencestotheﬁeld-efectmobilitymeasurements,whilesuitabledopantsfor
thesematerialsaresummarisedintable4.2.Twodiferentoxidedielectricsaswelasan
organicinsulatorhavealsobeentestedduringtheworkleadinguptothisthesis.Their
mostimportantpropertiesaresummarisedintable4.3.Forcompleteness,thephysical
propertiesoftheelectrodematerialsusedduringdevicefabricationareprovidedintable
4.4.Ineachcase,referencesforexperimentalydeterminedpropertiesareprovided.
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Table 4.1.:Physical and chemical properties of the transport materials discussed in this
thesis. The hole (h) and electron (e) mobility values quoted here are ﬁeld-efect
mobilities measured in botom-gate, top-contact OFETs with SiO2or Al2O3as
gate dielectric. HOMO and LUMO levels were determined by UPS. *Measured
by Selina Olthof, IAPP. ** Measured by Martin Schwarze, IAPP.
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Name Abbreviation Structure HOMO/LUMO[eV] Type Ref.
Tetrakis-
(1,3,4,6,7,8-
hexahydro-
2H-pyrimido-
[1,2-a]pyrimi-
dinato)-
ditungsten
(I)
W2(hpp)4 2.4/– n-dopant [244–246]
Dinaphtho-
[2,3-b:2’,3’-f]-
thieno[3,2-b]-
thiophene
F6-TCNNQ —-/5.37 p-dopant [29,244,247]
Fluorinated
fulerene
derivative
C60F36
FERMI LEVEL SHIFT AND DOPING EFFICIENCY IN... PHYSICAL REVIEW B86,035320(2012)
FIG. 1. (Color online) Schematic energy-level diagram of a ma-
trix:dopant thin-ﬁlm system. Commonly,p-type doping is assumed
by electron transfer from the HOMO of a matrix molecule to the
LUMO of a dopant molecule. Additionaly, the chemical structures of
MeO-TPD, C60F36, and F6-TCNNQ are shown. TheIPof MeO-TPD
measured by UPS is 5.07 eV. By cyclic voltammetry theEAof
F6-TCNNQ is estimated to be 5.00 eV. In Ref.28the LUMO
of C60F36in solution measured by cyclic voltammetry is given as
4.4 eV and thus its thin-ﬁlmEAis expected to be comparable to
F6-TCNNQ.
benzidine (BF-DPB) with C60F36.Themainadvantagein
comparison to the commonly used dopant molecule F4-TCNQ
is the low volatility of the ﬂuorinated fulerene, avoiding
any underground doping and contaminating efects in the
evaporation chambers and a much beter temperature stability
of the doped ﬁlms.27However, to obtain a broader and
deeper understanding of thep-doping process, we additionaly
have investigated MeO-TPD samples doped with the acceptor
molecule F6-TCNNQ. Although its chemical structure is
similar to F4-TCNQ, this material does not contaminate
the evaporation chamber as wel. The conductivity of MeO-
TPD:F6-TCNNQ samples is comparable or even an order of
magnitude higher than that of MeO-TPD:C60F36ﬁlms. For
MR=0.047 we measured 1.1×10−4S/cm whereas doping
with the ﬂuorinated fulerene yields only 3×10−5S/cm at the
same molar ratio. By cyclic voltammetry we have estimated
the LUMO level of F6-TCNNQ to be around 5.00 eV and
therefore it is suitable forp-type doping of MeO-TPD (IP=
5.07 eV) via electron transfer from matrix HOMO to dopant
LUMO (Fig.1).
The UPS/XPS samples under investigation are Ag/p-MeO-
TPD structures with varying doping concentration of the
doped MeO-TPD ﬁlm. The organic layer thicknesses are large
enough (10–20 nm) to exclude inﬂuences of the depletion
region of the metal-semiconductor interface. We examine 26
samples doped with C60F36(0.0009<MR<0.5211) and 18
samples doped with F6-TCNNQ (0.0065<MR<0.2675).
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FIG. 2. (Color online) Representative UPS/XPS spectra of
Ag/MeO-TPD:C60F36samples with diferent doping concentrations
varied over three orders of magnitude. The determined HOMO
onsets are marked with circles. The spectra of samples doped with
F6-TCNNQ are similar and not shown here. The thicknesses of the
p-doped layers are 10–20 nm excluding depletion layer inﬂuences.
In Fig.3the hole injection bariers (HIBs) to the silver
substrate of the doped MeO-TPD ﬁlms as wel as the shifts of
the coresponding O1speaks measured with XPS are shown.
Representative UPS/XPS spectra (valence region, HBEC, and
O1speak) are ploted in Fig.2.TheHOMOonsetsare
marked with circles. With increasing molar ratio, a clear
shift of the spectra towards lower binding energies and thus
areductionoftheholeinjectionbariercanbeobserved.
Interestingly, for both dopants the shape of the curves in
Fig.3are similar, but diferent in comparison to the system
MeO-TPD:F4-TCNQ.24In the case of C60F36it is possible to
vary the doping concentration across three orders of magnitude
due to its relatively high molar mass and we can distinguish
four regions. ForMR <10−3the HIB remains near to the
intrinsic value (HIB=1.7eV).Overthefolowingorderof
magnitude, a strong shift of the Fermi level (slope∼18kBT)
is observed, folowed by a much weaker decrease of the
FIG. 3. (Color online) UPS/XPS results of Ag/p-MeO-
TPD(10–20 nm) samples: (a) hole injection barier to the silver
substrate and (b) O1s-peak position of MeO-TPD as a function of the
doping ratio using C60F36or F6-TCNNQ as dopants.
035320-3
—-/5.38 p-dopant [29,244,248]
4-(dicyano-
methylene)2-
methyl6[p(di-
methyl-
amino)-
styryl]4H-
pyran
DCM —-/—- mier [249–251]
Molybdenum
trioxide MoO3 9.70/6.70* p-dopant [65,252]
Table4.2.:Physcalandheicapropertiesofthedopantmaterialsdiscussedinthisthesis.
*Energyleveshiftuponcntctwithairresultsinvaluesof8.5/5.2[65].
N me Abbreviation Density[gcm-3] Relativepermitivity Ref.
Tetraera-
contane* TTC 0.82 - [85]
Silicon
dioxid SiO2 2.60 3.9 [29,244,247]
Aluminium
oxide Al2O3 4.00 7.8 [29,244]
Table4.3.:Physicalandchemicalpropertiesoftheinsulators/dielectricsdiscussedin
thisthesis.*Ttratetra ntane(C44H90)isanorganicmolecule,itschemical
structursisalongalkanechainandisthereforenotdiplye here.
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Name Abbreviation Density
[gcm-3]
Workfunction[eV]
Gold Au 19.3 5.1
Silicon Si 2.3* 4.6-4.85*
Aluminium Al 4.2 4.2
Silver Ag 10.5 4.3
Table4.4.:Physicalandchemicalpropertiesoftheelectrodematerialsdiscussedinthis
thesis.ValuesfortheworkfunctionwereobtainedbySelinaOlthof,IAPP,using
UPS.*Valuestakenfromref.[253]
4.2.SAMPLEPREPARATION
ApartfromtheVOFETsinvestigatedintheremainderofthisthesis,severalotherkinds
ofsampleswilbediscussedalso.Forbasicmaterialcharacterisation,e.g.toinvestigate
themorphologyofcertainorganiclayersortheelectricalstabilityofinsulators,asingle
layerofthematerialunderinvestigationorasimplemetal-insulator-metal(m-i-m)stackare
sufﬁcient,whiletransportpropertiesofmaterialswereinvestigatedinOFETgeometries
andso-caledp-i-pstacks(p-dopedsemiconductor/intrinsicsemiconductor/p-doped
semiconductor).Thesubstratesandmanufacturingtechniquesforthesediferentkindsof
samplesareverysimilarandwilbrieﬂybesummarisedinthefolowingparagraphs.
SUBSTRATESANDPASSIVATION
Twodiferentkindsofsubstrateswereusedintheworkdiscussedthisthesis:m-i-mand
p-i-pstackswerebuiltonplainborosilicateglasssubstrates(supplier:ThinFilmDevices,
Inc.),whileOFETandVOFETdeviceswerebuiltonsiliconwafers(supplier:SIEGERT
WaferGmbH)whicharep-dopedwithbrominesoastoprovideaconductivesubstrate
(σ=0.03Ω-1cm-1-1Ω-1cm-1).ThesewafershaveanativeSiO2layerandweresubjected
toathermalorplasma-assistedatomiclayerdeposition(ALD)process[96]attheInstitut
fürAngewandtePhotophysik(IAPP,depositiondonebyMichaelSawatzkiusingPE-ALD),
NamLabDresden(depositiondonebyClaudiaRichter,usingthermalALD)orInstitutfür
Halbleiter-undMikrosystemtechnik(IHM,depositiondonebyDr.ChristophHoßbach,using
thermalALD)priortosubstratecleaningandsamplepreparation.30nmofAl2O3were
depositedduringtheseALDprocesses,withverylitlevariationinlayerqualitybetween
wafersprocessedatIHM,NamLabandIAPP.ActingasthegatedielectricforOFETs
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Figure 4.1.:Organic material deposition via thermal evaporation in a vacuum chamber. The
thickness is monitored by individual QCM sensors for each material and the
active area on the substrate may be deﬁned by a photolithography mask on
the substrate or a shadow mask, which may be placed inside the chamber or
directly on the substrate.
and VOFETs, these layers provide a gate dielectric capacitance of (withC= 0.23µF/cm2.
Morphology studies were also performed on these dielectric-covered Si wafers, so as to
ensure best comparability to actual transistor devices.
Prior to material deposition, al substrates were cleaned via immersion in acetone,
ethanol and isopropanol and ultrasonication for 5 minutes each. To remove any further
organic residuals on the substrate surfaces, the substrates were then treated in an oxygen
plasma for 10 minutes. Si wafers were further immersed in hexamethyldisilazane (HMDS,
Merck) for approximately 30 minutes directly before material deposition in order to pas-
sivate the dielectric surface. Residuals of HMDS were removed by a brief spin-rinsing
step with isopropanol. The cleaned (and passivated) substrates were then directly trans-
fered to a glovebox under nitrogen atmosphere or into vacuum in order to avoid further
contamination.
4.2.1. PHYSICAL VAPOUR DEPOSITION
Al materials were deposited under vacuum with a base pressure below 10-6mbar. Organic
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materialswereevaporated1fromaluminiumnitridecrucibles(supplier:CreaPhys)as
ilustratedinﬁgure4.1.Thesecruciblesaresuroundedbycoppercoilsandthusheated
viaJouleheating,whilethelayerthicknessanddepositionratecanbemonitoredby
quartzcrystalmicrobalances(QCMs)placedaboveeachsource.Thebasicfunctional
principleoftheseQCMsutilisesthepiezoelectricefectofthequartz[254]:Theresonance
frequencyoftheQCMchangeswithitsmass,i.e.duetomaterialdeposition.Thischange
infrequencyismonitoredandthegaininmassperunitarea,m,calculatedaccordingly.
IftheQCMmonitorisprovidedwiththecorectdensityρoftheevaporatedmaterial,it
providesthedepositedlayerthicknessdfromtherelationd=m/ρ.Theaccuracyofa
layerthicknessreadingis0.1nmandthesensitivityofareal-timedepositionratereading
is0.01nm/s.Priortosamplefabrication,QCMsmustbecalibratedsoastogiveacorect
readingofthelayerthicknessdepositedonthesubstrate.Theso-caledtoolingfactor,the
parameterdeterminedduringcalibration,statestheratioofmaterialevaporatedontothe
measurementQCMandmaterialdepositedontoareferenceQCM,whichisplacedinthe
samplepositionduringcalibration.Asﬁgure4.1furtherilustrates,mixedlayers(e.g.of
amatrixanddopant)maythenbedepositedbyco-evaporationofthetwomaterialsin
(a) (b) 
question,withseparateQCMmonitorsforeachmaterial.
Figure4.2.:Imagesofacompleteevaporatorunit(a)andcrucible(b)ﬁledwithorganic
material.PicturesbyChristianKörner,IAPP
Metaldepositionforelectrodes,aswelasdepositionofthep-dopantMoO3canbedone
inasimilarfashion,i.e.bythermalevaporationfromacruciblewithdepositionmonitoring
viaQCMs.ForthedepositionofAu,AgandMoO3,athintungstenormolybdenumcrucible
maybeused,whichisdirectlyconnectedtoapowersource.InthecaseofAl,aboron
1Manyorganicmaterialssublimeuponheatinginvacuum,buttherearealsootherswhichmeltandthen
boil.Forsimplicity,bothprocesseswilbereferedtoasevaporationhereastheexactprocessmakesno
diferenceforthefurtherdiscussion.
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nitridecruciblehastobeused,soastopreventdifusionofmeltedAlthroughthecrucible.
AspecialcaseisthedepositionofthesourceinsulatorinVOFETgeometries.Aswilbe
discussedinmoredetailinchapter5,SiO2isdifﬁculttodepositviathermalevaporation
fromacrucible. ThesourceinsulatorlayerforVOFETswasthereforedepositedvia
radio-frequencymagnetronsputering[255,256]withArgonastheprocessgas.Again,
depositionconditionsweremonitoredusingaQCM.
DEPOSITIONSYSTEMS
Twodiferentkindsofevaporationsystemswereusedtoproducesamples:Twoofthe
IAPP’smulti-chambersystems,referedtoasUFOIandUFOI,andtwosingle-chamber
systems(KurtJ.Leskercompany),referedtoasLeskerAandLeskerB.Inthemulti-cham-
bersystems,depositionofmetals,intrinsic,n-dopedandp-dopedlayerscanbedonein
separatevacuumchambers.Theseusualyhaveabasepressureof10-7mbarandarecon-
nectedtoalargercentralchamberviavalves,whichareclosedduringevaporationtoavoid
contaminationoftheentiresystem.Thecentralchamberalsocontainsaremote-control
samplehandlingsystem,samplescanconsequentlybetransferedbetweenchambers
withoutcontacttoair.Substratesinthissystemarelimitedtoasizeof2.54x2.54cm2.
Thesingle-chambersystemsalsohaveabasepressureof10-7mbarandareoperatedby
technicalstaf.Thesubstrate,whichmaybeaslargeas15.24x15.24cm2(givingawafer
of6x6samplesofthesmalersubstratesize),isrotatedhorizontalyduringevaporation
soastoproduceamorehomogeneouslayerthickness.Thesystemfurthercontains
partialshuterssoastoalowforthecontroleddepositionofmaterialsoncertainrows
orcolumnsofthe6x6wafer.Thisfeaturewasutilisedforthep-i-pdevicesinorderto
“wedge”thelayerthicknessofintrinsiclayers.
Bothsingle-chamberandmulti-chambersystemsareconnectedtogloveboxesunder
nitrogenatmosphere,atransfertoothergloveboxesormeasurementsetupswithout
contacttoairwasthuspossiblebytransportingsamplesinair-tightcontainers.This
isparticularlyimportantasmostofthesamplelayoutsdiscussedinthisthesiswere
non-standardlayoutsandsamplescouldthusnotbeencapsulatedbythenormalprocedure
ofIAPP2.
2EncapsulationisdonebyglueingaglasscavityovertheactiveareausingtheUV-curedresinXNR5590
(Nagase).Amoisturegeter(Dynic)maybeinsertedintothecavitytoavoiddegradationbywaterdifusion.
Thisencapsulationprocedurewasonlypossibleforp-i-pdevices,asthesewerefabricatedinthestandard
encapsulation-compatiblelayout.
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4.2.2.STRUCTURINGMETHODS
Manyorganicelectronicdevicesrequiresomeformofstructuringtechniqueinorderto
paternelectrodes,dielectricsortheorganiclayersthemselves.Onewaytopaternalayer
inathermalevaporationprocessisshowninﬁgure4.1:Byplacingashadowmaskclose
tothesubstratesurface,onlypartsofthesubstrateareexposedtomaterialvapourduring
deposition.Thisstructuringtechniquecanbeappliedtoanykindofthermalyevaporated
materialandmayalsobeusedtostructurelayersontopoforganics.Theresolutionofthis
structuringmethoddependsonthequalityofthemaskanditsdistancetothesubstrate
surface,butisgeneralybelievedtobetoopoorforfabricationofhigh-performanceOFETs,
astheminimumachievablechannellengthisusualyintheorderofseveralmicrometers.
Furthermore,theedgesofe.g.contactpadswhichwerestructuredthiswayisgeneraly
ratherunsharp,makinganexactdeterminationofthechanneldimensionsevenmore
difﬁcult.Forthepreparationofsimpleverticalstackshowever,suchasOLEDsorthe
p-i-pdevicesdiscussedinthisthesis,shadowmasksprovideasimplestructuringmethod
ofsufﬁcientaccuracy.TheshadowmasksavailableintheLeskerevaporationsystems
(mountedinthechamberunderneaththesampleholder)werethereforeusedtopatern
p-i-pdevicesforPOEMmeasurementsaswelasm-i-scapacitorstackswhichwilbe
discussedinchapter8.Theresultantdevicelayoutson2.54x2.54cm2samplesare
showninthetophalfoftable4.5.Inasimilarfashion,m-i-mstackswerestructuredinthe
multi-chamberevaporationsystems.Here,shadowmasksfor2.54x2.54cm2substrates
weremounteddirectlyontothesampleholderbeforemovingthesampleintovacuum.
Theresultantdevicelayoutissimilartothatshownforp-i-pdevices.
ForthefabricationofOFETsandVOFETs,apaterningtechniqueisrequiredwhich
notonlyworksontopoforganicmaterials,butalsoprovidessmalfeaturesizesand
clearlydeﬁnedverticaledges.Forthisreason,thesourceanddrainelectrodesinthese
devices,aswelasthesourceinsulatorfortheVOFET,werepaternedusinganovel
bi-layerphotolithographyprocess(seeﬁgure4.3).Thenoveltyofthisapproachliesin
thecombinationofaconventionalimagingresistwithaprotectivelift-ofresist.Asfew
organicmaterialsarecompatiblewiththesolventsanddeveloperscommonlyusedfor
conventionalimagingresists(e.g.NaOHortoluene),photolithographyisnotnormaly
possibleontopoforganiclayers.Tocircumventthisissue,DeFrancoetal.developeda
highlyﬂuorinatedresistwhichisbenigntomostorganicmaterials.Solventanddeveloper
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compounds for this resist are also highly ﬂuorinated, such that the resist may be used as a
protective layer between a conventional imaging resist and an organic material. DeFranco
et al.further demonstrated that their resist may also be used as a stand-alone negative
imaging resist if combined with a photo-acid generator (PAG) [257–259].
Si 
Dielectric 
Semiconductor 
1) Material deposition 2) Double resist exposure 3) Patern transfer 
x UV 
4) Source + insulator 
deposition 
5) Bi-layer resist 
lift-of 
6) Repeat for drain 
Au 
D 
developer 
Au Au Au 
G 
S S 
Figure 4.3.:Schematic representation of the bi-layer photolithography process. The pro-
tective and lift-of resist Ortho 310 is shown in blue, the imaging resist ma-P
1210 is shown in red.
In the work leading to this thesis, a PAG-free version of the resist developed by De-
Francoet al., refered to as Ortho 310 (available from Orthogonal, Inc.), was used as the
protective and lift-of resist in the bi-layer photolithography approach previously described
by Kleemannet al.[90, 260]. Electrodes for OFETs and VOFETs were thus paterned by
spin-coatingOrtho 310onto the active layer (i.e. the organic semiconductor) at 3000 rpm
for 30 s, folowed by a post-application bake (PAB) of 5 minutes at 80°C. The positive
imaging resistma-P 1210 (micro resist technology GmbH) was spin-coated on top of
this protective layer, also at 3000 rpm for 30 s, and baked for 1 minute at 80°C. The
thickness of each layer after this procedure is approximately 1μm. The imaging resist was
exposed to spectral light (313 nm, 365 nm, 405 nm) for 2 - 4 s (depending on the substrate
conditions) using a masklessSF-100exposure tool (Inteligent Micro Paterning) with a
mercury lamp, micro-miror aray and additional lens. The additional lens produced an
exposure ﬁeld of 3.7 x 2.7 mm2at a resolution of approximately 3μm, alowing for the
size of one OFET or VOFET contact mask (see lower half of table 4.5) per exposure and
thus necessitating a step-by-step exposure of each substrate to produce several devices
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per sample. The imaging resist was subsequently developed by dipping into inma-D 331
(micro resist technology GmbH) for 30 s and rinsing in de-ionised water (DI water). The
patern was then transfered toOrtho 310using a combination of puddle and spin etching
withdeveloper 140(Orthogonal, Inc.) and hydroﬂuoroether (HFE 7100, IoLiTec), where
the exact etching protocol had to be adjusted to the surface roughness of the organic
semiconductor / substrate and curent ambient conditions (this wil brieﬂy be discussed in
chapter 5). After contact metal and (for VOFETs) source insulator deposition,Ortho 310
(and thus alsoma-P 1210and the material deposited on top of it) was removed by an
overnight lift-of procedure inHFE 7100, which was typicaly performed under nitrogen
atmosphere. It has been shown by Zakhidovet al. that this process is harmless for most
organic materials [258].
Device type Layout Mask type Dimensions
p-i-p / m-i-m
3mm 
S D 
S  S  S  S 
D  D 
3mm 
0.3mm 
0.3mm 
Shadow mask
Active areas of 6.440, 3.265,
1.678 and 0.884 mm2,
highlighted in light green
m-i-s*
3mm 
S D 
S  S  S  S 
D  D 
3mm 
0.3mm 
0.3mm 
Shadow mask Active areas of 10.88 and1.74 mm2
OFET
3mm 
S D 
S  S  S  S 
D  D 
3mm 
0.3mm 
0.3mm 
Lithography
Channel widthW = 1000μm
Channel lengthL= 25, 50,
100 and 200μm
VOFET
3mm 
S D 
S S S S 
D D 
3mm 
0.3mm 
0.3mm 
Lithography
Channel widthW = 600μm
(VOFET),Ldetermined by
layer thicknesses
Table 4.5.:Shadow and lithography mask structures used for paterning the samples
discussed in this thesis. Diferent colours represent diferent masks for the
same device. * m-i-s stands for metal-insulator-semiconductor capacitors,
these wil be discussed in chapter 8.
4.3. SAMPLE CHARACTERISATION
Due to the variety of investigated efects and the sample geometries necessary for
these investigations, also a series of characterisation methods is required to gain a ful
110 4. Methods and Materials
understandingoftheprocessesthatultimatelygoverntheVOFET’sperformance.The
semiconductormorphologyandexactdevicedimensionsareinvestigatedviasuitable
typesofmicroscopes,whilechargetransportprocessesareinvestigatedviaelectrical
characterisationoffuldevicestacks.Thissectionbrieﬂysummarisestheexperimental
methodsusedforthischaracterisationandalsoexplainsinmoredetailwhichtypeof
devicearchitectureisusedforeachindividualanalysis.
4.3.1.BASICCHARACTERISATIONMETHODS
ATOMICFORCEMICROSCOPY
Atomicforcemicroscopy(AFM)wasusedtoinvestigatethetopographyoforganicﬁlm
surfaces(mostlyonSiwafers)soastogainanunderstandingofthemorphologyofa
speciﬁcmaterialorblendlayerandhowitisafectedbythesubstrateandprocessing
conditions.Asstatedinchapter1,themorphologyofaﬁlmcangreatlyafectitselectronic
propertiesandisthereforeanimportantandfundamentalcharacteristicofanyorganic
(a) 
Piezo 
scanner 
Feed-
back 
loop Photo 
diodes 
Laser 
Piezo 
oscilator Tip   
(b) 
semiconductorﬁlm.
Figure4.4.:(a)SchematicrepresentationofthemostimportantcomponentsofanAFM.
(b)Exemplarytopologyofa30nmpentaceneﬁlmonanSiwafer,obtainedby
Dr.TobiasMönch(IAPP)usingtappingmodeAFM.
AsimpliﬁedschematicofastandardAFMdeviceisshowninﬁgure4.4(a):Thesample
isscannedbyasharpsilicontipconnectedtoapiezooscilator.Asthetipisbroughtin
contactwiththesamplesurface,itspointandthemoleculesatthesamplesurfaceinteract
andleadtoadeﬂectionofthetip.Thisdeﬂectionismeasuredbyreﬂectionoflaserlight
intoafastphoto-diodeandusedbyafeedbacklooptocontrolapiezoscannerandthus
movethetip.Toinvestigatethetopographyofanorganicmaterial,theAFMisoperatedin
theso-caledtappingmode(orintermitentcontactmode),wheretheforceofinteraction
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betweentipandsampleissmalestandthusleastdamagingtotheorganicmaterial[261].
Inthismode,thepiezooscilatordrivesthecantilevernearitsresonantfrequencyand
Hooke’slawisusedtoadjustthesample-tipdistancesuchthattheinteractionforce,and
thustheoscilationamplitudeofthetip,iskeptconstant.
FortheAFMmeasurementspresentedinthefolowingchapters,anAIST-NTCombi-
scope1000isused,whichoperatesinambientconditions.Thesilicontiphasaresonance
frequencyofapproximately300Hzandscansareperformedatapixelrateof0.1s-1and
withanamplitudeoftypicaly40nm.
ELECTRONMICROSCOPY
Electronmicroscopesareusedforawiderangeofapplicationsinphysics,chemistryand
biology.Thegeneralfunctionalprincipleofthesedevicesmaybeexplainedthus:An
electrongun,mountedatthetopofavacuumchamber,producesabeamofelectrons,
whichisacceleratedtohighenergies(intherangeof1keV-300keV)byanaccelerator
andthendirecteddownwardsthroughaseriesofcondenserlenses.Inscanningelectron
microscopy(SEM)[262],thecondenserlenssystemisusedtofocustheelectronbeam
ontothesamplesoastoinvestigatethesamplesurface.Informationaboutthesurface
topographyisobtainedthroughsecondaryelectrons,whilematerialcontrastisprovidedby
backscateredelectrons.Intransmissionelectronmicroscopy(TEM)[263],abroadbeamis
directedthroughthesample3.Elasticalyscateredelectronsinthetransmitedbeamgive
informationaboutthemorphologyandstructureofthesample.InbothSEMandTEM,
photonsignalsintheopticalandx-rayrangearealsoobtainedthroughinelasticcolisions.
Thex-raysignalmaybeusede.g.toperformenergy-dispersivex-rayspectroscopy(EDX).In
thismethod,thecharacteristicenergyofx-raysproducedbyelectroncolisionswithcertain
atomsisdetectedandusedtogaininformationaboutthelocalchemicalcompositionof
thesample.
Inthefolowingchapters,planarandcross-sectionalelectronmicroscopeimagesof
theVOFETgeometrywilbepresented,whichweretakenbyDr.PetrFormánekatthe
LeibnizInstitutfürPolymerforschungDresdene.V.(IPF).Planarviewimagesofthesample
surfacewererecordedusingaCarlZeissNOEN40EsBorCarlZeissUltra55SEM.The
laterisequippedwithaBrukerQuantaxXFlash5060EDXspectrometerandwasused
3Thisispossibleonlyifthesampleunderinvestigationisverythin,typicalyontheorderof100nm.Inthis
case,however,TEMprovidesaconsiderablyhigherresolutionthanSEM.
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Figure 4.5.:Schematic representations of an SEM (a) and TEM (b). Orange rays denote
the electron beam.
to obtain EDX spectra of the VOFET stacks at an electron acceleration voltage of 5 kV.
Prior to these measurements, approximately 10 nm of amorphous carbon were deposited
onto the samples in aLeica EM SCD500sputer coater to prevent charging during the
measurement. Cross-sectional views of the VOFET stack were prepared by cuting a
lamela of this stack with a focused ion beam (FIB) [264]. This was done by Michael Göbel
(also of IPF), using aCarl Zeiss NEON 40 EsB CrossBeamSEM/FIB system. Prior to FIB
cuting, the samples were coated with 30 nm of platinum (Pt) using theLeica EM SCD500.
The lamela was then examined in TEM using aCarl Zeiss Libra 120electron microscope,
which was operated at an acceleration voltage of 120 kV.
ELECTRICAL CHARACTERISATION
The electrical characteristics of OFETs and VOFETs were measured in a nitrogen atmo-
sphere glovebox using a mechanical probe station with Au measuring tips mounted on
micro manipulators for exact positioning on the devices’ contact pads. The conductive
silicon substrate was contacted by placing it on a copper plate. The copper plate and
measurement tips of this setup are connected to aHP 4145Bsemiconductor parameter
analyser containing two source-measure units (SMUs). During measurements, the source
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contact of the OFET or VOFET was always kept at ground potential, while the gate or
drain were swept at a rate of 0.1 V/s. In this manner, transfer and output characteristics
of OFETs and VOFETs were obtained, from which several parameters can be extracted,
as explained in chapter 2. A photograph and schematic representation of the contacted
VOFET are shown in ﬁgure 4.6.
(a) (b) D 
G 
S S 
VGS 
VDS 
Figure 4.6.:Photograph and schematic representation of a VOFET during electrical charac-
terisation.
The p-i-p devices used for POEM investigations (see section 4.3.3) were encapsulated
(see section 4.2) and could thus be measured in ambient conditions using aKeithley 2400
SMU.
4.3.2. TRANSMISSION LINE METHOD
The transmission line method, also refered to as transfer length method or simply TLM
[265, 266], is a straight-forward approach to extract contact resistance from a series
of transistors which are identical apart from a variation in channel lengthL. It was ﬁrst
developed by Luan and Neudeck to determine the contact resistance of amorphous silicon
transistors [267] and has since then been used also in OFETs. Within the framework of
this thesis, it wil be used to discuss the efects of contact doping on both OFET and
VOFET geometries (see chapter 7).
Substrate 
Gate 
Source         Drain 
RS RD RCh 
Figure 4.7.:Schematic representation of the series connection ofRCandRChin a bot-
tom-gate, top-contact OFET.
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ThetotaldiferentialresistanceofanygivenOFET,deﬁnedas
ROFET=∂VDS∂ID , (4.1)
canbeexpressedasaseriesconnectionofcontactandchannelresistance(seeﬁgure
4.7),i.e.
ROFET=RCh+RC, (4.2)
whereRC=RS+RD.Thechannelresistanceisfurthergivenby
RCh=RSheetW L, (4.3)
whereRSheetisthesheetresistanceofthesemiconductorinthechannelregionandW
andLarethechanneldimensionsasdeﬁnedbefore.Combiningtheaboveexpressions,
oneﬁndsthat
ROFETW =RSheetL+RCW. (4.4)
ROFETcanbeextractedfromthelinearregimeoftheoutputcharacteristicsofatransistor.
Folowingequ.4.4withknownLandW,itisthereforepossibletoextractRCandRSheet
asfunctionsofVGSforaspeciﬁcmaterialsystemfromaseriesofidenticalOFETswith
varyingchannellengthsbyplotingtheso-caledwidth-normalisedOFETresistanceROFETW
versuschannellengthLfordiferentgatevoltages.Thisisilustratedinﬁgure4.8fora
pentaceneOFETwithAutop-contacts.Fitingequ.4.4totheobtaineddata,RCW and
RSheetaregivenbythepointROFETW(L=0)andthegradientofthestraightlineﬁt.
Furthermore,anestimateofthegatevoltage-dependenttransferlengthLT(seechapter
2)canbeextractedasthepointwhereROFETW =0,i.e.
LT=LROFETW =02 . (4.5)
Whilethismethodprovideseasyaccesstoparameterssuchaschannelresistance,contact
resistance,transferlengthorevenmobility(extractedfromthechannelresistance[124]),it
hascertaindrawbacks.Firstly,itisassumedthatthechannelsheetresistanceisconstant
overtheentirechannellength.Thismaynotbethecasee.g.fordevicescontact-doped
withrelativelysmal molecules,wheredifusionofthedopantsmayleadtochangesin
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(a) (b) 
Figure4.8.:(a)OutputcharacteristicsofanOFETwithL=25µmandW =1000µm.The
blacklineindicateswhereROFETisextractedusingequ.4.1.(b)ROFETW
versuschannellengthforaseriesofbotom-gate,top-contactOFETswith
pentaceneastheactivematerialandAucontacts.Straightlinesindicateﬁtsto
equ.4.4fordiferentgatevoltages.Reprintedfromthesupportinginformation
ofref.[268].
thesheetresistancenearthecontacts.Itisfurtherassumedthattheapparentthreshold
voltageisindependentofcontactresistance.Especialyinshort-channeldevices,thismay
notbethecase,corectextractionofthegate-voltage-dependentmobilityfromthechannel
sheetresistancemaythereforenotbepossible.Lastly,theaccuracyofthemethodrelies
onthereproduciblepreparationofOFETswithvaryingchannellengths.Variationsinthe
preparationconditions,semiconductorqualityetc.canleadtostronginaccuraciesinthe
TLMresultsandthesetypicalyplayabiggerroleinshort-channeldevices,wherecontact
resistanceismostprominentandshouldthereforebeeasiesttoextract. Wherenecessary,
thesedrawbacksmaybeovercomebyusingthemodiﬁedTLManalysisdevelopedbyXu
etal.[269],whichislesssensitivetoparametervariation,orbyrevertingtosomeother
methodforextractingthecontactresistance,suchasfour-probemeasurements,Kelvin
probeforcemicroscopyor(foraverybasicestimate,usingonlyasingleOFETdevice)the
transitionvoltagemethod[270].Forthepurposeofthiswork,however,thestandardTLM
analysisprovidessufﬁcientlyaccurateresults,aswilbediscussedfurtherinchapter7.
Theapplicationofothermethodstoextractcontactresistancehasthereforebeenomited.
4
4.3.3.ELECTRICPOTENTIALMAPPINGBYTHICKNESSVARIATION
Asilustratedinchapter2andintheprevioussection,astandardOFETgeometrycan
beusedtodeterminethelateralﬁeld-efectmobilityofcariersinagivensemiconductor
4Partsofthissectionwerepreviouslypublishedinthesupportinginformationtoref.[268].
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material.Themobilitydeterminedinsuchameasurementiscaledtheﬁeld-efectmobility
and maydiferstronglyfromtheverticalbulk mobilityofthe materialasitisfound
e.g.inOLEDsorOPV.Asimilarbulktransportmayalsobearelevantorevendominant
mechanismintheVOFETarchitecture(thiswilbediscussedfurtherinchapter6)andis
thusinvestigatedfortheorganicsemiconductorsusedhere.
Thebulkmobilityinorganicsemiconductorsperpendiculartothesubstratesurface
isoftenmeasuredina(singlecarier)metal-intrinsicsemiconductor-metal(m-i-m)or
p-doped-intrinsicp-dopedsemiconductor(p-i-p)geometry(seeﬁgure4.9foradevice
schematicandexemplarycharacteristics). Whenapplyingasufﬁcientlyhighvoltageto
suchgeometries,oneisabletoobserveanSCLCregime. Byassumingaconstant
mobilityindependentofelectricﬁeldFandchargecarierdensityn,alongwithtrap-free,
drift-onlytransportandidealinjection,onemayextractthechargecariermobilityµfrom
theMot-Gurneylaw[271]
j=98εrε0µ
V2
d3, (4.6)
whereεristherelativepermitivityofthesemiconductorunderinvestigation,ε0isthe
vacuumpermitivity,anddisthethicknessoftheintrinsicsemiconductor. Wherethe
mobilityisknowntobeﬁeld-dependentaccordingtoPoole-Frenkeldependence,onemay
insteadusetheMurgatroydequation[272]
j=98εrε0µ0
V2
d3exp 0.891γPF
V
d , (4.7)
whereγPFisatemperature-dependentpre-factorderivedfromthePoole-Frenkelefect.
Withoutindependentcharacterisationoftheorganic-metalinterfaceshowever,itis
unclearwhethertheaboveassumptionsarevalidinindividualexperiments.Here,amore
accurateapproachisprovidedbythemethodofelectricpotentialmappingbythickness
variation(POEM)[273]:Bymeasuringthej-Vcharacteristicsofaseriesofm-i-mdevices
withvaryingintrinsicsemiconductorthicknessd(seeﬁgure4.9),oneisabletoextract
thedrivingvoltageVrequiredforacertaincurentdensityjasafunctionofd.Itis
possibletoshowthatthevoltageseriesV(d)isequivalenttothepotentialdistribution˘(x)
intheintrinsiclayerofthethickestdevice[273].Thusitispossibletomapthepotential
distributionacrossthethickestdevicebymeasuringalsoaseriesofthinnerdevicesatthe
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sameconstantcurentdensityj.Oncethispotentialdistributionisobtained,itisstraight
forwardtoextracttheelectricﬁelddistribution
F(x)=∂Φ∂x (4.8)
andchargecarierdensity
n(x)=εrε0e
∂F
∂x. (4.9)
Fordrift-dominatedtransport,theﬁeld-anddensity-dependentmobilitycanthenbedirectly
extractedas
µSCLC(x)= jen(x)F(x). (4.10)
Byperformingthisanalysisforseveraldiferentvaluesofj,itispossibletodetermineany
dependenceofµonnorF,i.e.onecandirectlymapoutµSCLC(F,n)fromthemeasuredj-V
characteristicswithoutassumingaspeciﬁctransportmodel.Amoredetailedexplanation
ofthisapproachmaybefoundinref.[273].
(a) (b) 
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i 
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Figure4.9.:(a)j-Vcharacteristicsofaseriesofp-i-pdeviceswithvaryingthicknessofthe
intrinsiclayer.Reprintedfromref.[231].(b)Schematicrepresentationofap-i-p
deviceforPOEMmeasurements.
P-i-psamplesforthePOEMmethodwereproducedincolaborationwithDr.Johannes
Widmer(IAPP)andtheaboveanalysiswasperformedbyhim.
4.3.4.IMPEDANCESPECTROSCOPY
Impedancespectroscopyisusedfrequentlyinorganicelectronicstoinvestigatedoping
efects,trapdistributionsandchargecariertransportindiodesandotherbasicdevices.
5Largepartsofthissectionwerepreviouslypublishedinref.[231].
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Forthepurposeofthisthesis,abriefdescriptionofimpedancespectroscopy,asitapplies
topurelycapacitiveelements,wilbegiven.Foramoreextensivediscussionofthismater,
theinterestedreaderisreferedtoref.[274].
Thefundamentalprincipleofimpedancespectroscopyistomonitorthecurentresponse
ofagivendevicetoanappliedDCvoltageVDCwhichissuperimposedbyasmalAC
voltagesignalVACoscilatingwithanangularfrequencyω,suchthat
V(t)=VDC+VACsin(ωt). (4.11)
Thecurentresponseofthedevicewilbephase-shiftedbyϕ,determinedbythetypeof
device:
I(t)=IDC+IACsin(ωt+ϕ). (4.12)
Bymeasuringthecurentresponseoveralargefrequencyrangeitispossibletoidentify
diferentphysicalphenomena,suchaschargecarierinjection,trapping,transportand
dielectricrelaxation,onthebasisoftheircharacteristictimeconstants.Thecomplex
impedanceofthisdeviceisgivenby
Z= (Z)+(Z)ˆi, (4.13)
wheretherealandimaginarypartsaredeﬁnedas
(Z)=VACIACcos(ϕ)
(Z)=VACIACsin(ϕ). (4.14)
Forapurelycapacitivedevice,thephaseshiftisϕ=-90°,consequentlytherealpartofZ
iszeroandtheimaginarypartgivesthedevice’scapacitanceCas
(Z)=−1ωC. (4.15)
Theresponsesignalofsuchacapacitivedeviceisshowninﬁg.4.10,withcapacitance
valuescalculatedusingequ.4.156.
6Theoccurenceofasingleplateauclearlyindicatesdielectricrelaxationbehaviour,otherprocesseswould
manifestthemselvesasadditionalplateausinaC-fplot.
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Figure4.10.:ExemplaryC-fcurveofacapacitivedevice,inthiscaseanm-i-mstructure
madeofaluminiumcontactsandapolymericinsulator.
Inchapter8ofthisthesis,thisanalysiswilbeusedtodiscusstheaccumulation/
depletionbehaviourofthindopantlayersinmetal-insulator-semiconductorstructures
undervaryingDCbias(thisisreferedtoascapacitancevoltagespectroscopy).Samples
forthisanalysisweremeasuredinanitrogengloveboxusingthesameprobestationas
forI-Vcharacteristicsoftransistors.Asmeasurementdevice,anAUTOLABPGSTAT302N
galvanostatwasused,whichmeasuresimpedancebyalock-inampliﬁerintherangeof
1µHzto1MHzandwithDCbiasbetween0Vand±8V.
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5. MATERIALOPTIMISATIONFOR
VOFETS
Thischapterpresentsanddiscussesresultsobtainedduringtheveryﬁrstexperiments
onVOFETsaftertheinitialpublicationofthisdevicestructure.Itisintendedasanin-
troductarychaptertotheresultspartofthisthesis. Bydescribingaseriesofsmaler
experimentswhichinthemselveswerenotprofoundenoughforpublicationinajournal,
thechapteraimstodiscusssomeoftheexperimentaldifﬁcultiesinvolvedinVOFETfab-
rication,whichinturnleadtoaﬁrst,verybasicunderstandingoftheoperationalprinciple
oftheVOFET.Thischapterthusformsthebasisforthefolowingchapters,inwhichthese
operationalprincipleswilbeanalysedinmoredetail.
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WhenthephotolithographicalypaternedVOFETwasﬁrstpublishedbyKleemann et
al.in2013[230],verylitlewasknownaboutitsfundamentaloperationalprinciplesand
alsoabouttheprocessingparameterswhichwouldmostafectperformance. Whilethe
ultimateaimofthisthesisistogiveadetailedexplanationoftheoperationalprincipleof
theVOFET,thischapterwilﬁrstofaldiscussthedependenceonprocessingparameters,
soastoalowthereadertoreachanunderstandingoftheVOFETgeometryinasomewhat
“top-down”approachandtofolowthechronologicalpathtothedevelopmentofthis
understanding.Thischapter,therefore,wilanalysethefabricationprocessofVOFETs
inmoredetailandhighlighttwoimportantprocessingaspectswhichstronglyafectthe
VOFETsperformance:Thedepositionofasuitablesourceinsulatorandthemorphologyof
theactivesemiconductorlayers.
BeginningwithadiscussionoftheinsulatordepositionprocesschosenbyKleemann
etal.andsuggestingalternativemethodsandmaterials,theefectsofsemiconductor
morphologyvariationswilthenbeanalysedandﬁrstideasregardingchargetransportin
theVOFETwilbepresented,soastolaythegroundworkforthenextchapter,inwhich
thistopicwilbediscussedindetail.
5.1.VARIATIONOFTHESOURCEINSULATOR
Kleemannetal.fabricatedtheﬁrstphotolithographicalypaternedVOFETsbydepositing
either25nmofpentaceneor40nmofC60ontoaHMDS-treatedSisubstrate,forminga
lithographymaskontopofthisorganiclayeranddepositing35nmofAuasthesource
electrodesand100nmofSiO2throughthismaskviathermalevaporationandRFmag-
netronsputering(seechapter4fordetails).VOFETswereﬁnishedbyliftingoftheﬁrst
photolithographymask,replacingitbyasecondmaskanddepositinganother25nmof
pentaceneor460nmofC60throughthissecondmask,folowedbyadrainelectrodemade
of35nmAu.Thissecondmask,too,wasliftedofinHFEtoﬁnalisethedevices.
WhilethisprocedurewassuccessfulyemployedtodemonstrateworkingVOFETs,it
iseasytoseethatahigh-energydepositionprocesssuchasRFmagnetronsputering
mightproduceacertainamountofproblemswhenusedontopofasensitiveorganic
materialsuchasthesemiconductorortheheat-sensitiveresistlayers. Andindeed,
theyieldoftheseﬁrstVOFETdeviceswasoftenfoundtobeverypoorduetofailing
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lift-of procedures. Figure 5.1 (b) ilustrates one of the most common issues with lift-of
procedures in this VOFET geometry: The impact of high-energy ions on the surface of the
photoresist, perhaps combined also with the UV radiation emited by the argon plasma
during sputering, damages the photolithography mask in a way that strongly reduces
its solubility in HFEs and even in stronger solvents such as acetone. This is particularly
problematic when depositing thin source electrodes made of Au, as the cluster-like growth
of which increases the probability for local heating during sputering due to the bad heat
conductivity between Au clusters1. Depositing thicker layers of 50 nm Au to alow for a
more homogeneous distribution of thermal energy during sputering partialy circumvents
this issue. In subsequent experiments, the thickness of the source electrode is therefore
always set to 50 nm.
(a) 
G 
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Figure 5.1.:(a) Schematic representation of a VOFET sample during deposition of the
source insulator by sputering. (b) Optical microscope image of a VOFET
sample after the ﬁrst lift-of step in HFE, where the lift-of failed due to in-
creased insolubility of the Ortho resist. (c) Optical microscope image of a
VOFET sample after the ﬁrst lift-of step in HFE, where the source electrode
has partialy been lifted due to large quantities of Ortho resist underneath the
Au.
Another negative efect of the sputering process is highlighted in ﬁgure 5.1 (c): Damage
of the undercut edges of the lithography mask may lead to a colapse of these edges. This
was found to be more likely the larger the undercut is to begin with, i.e. the efect also
depends on the processing parameters during photolithography. The colapse of these
undercut edges is believed to lead to an increased difusion of the Ortho resist underneath
the source electrodes, so that the HFE solvents employed during lift-of may lift of not
only the lithography mask - as intended - but also the source contacts by dissolving the
Ortho resist underneath them. Depending on the strength of this efect, the source may
1This manifests as bubbles in the resist layers which are visible even with the naked eye.
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onlypartialybelifted.Thisconsequentlyproducesthewave-liketopographyofthesource
contactshowninﬁgure5.1(c)2.
Inadditiontothedifﬁcultiesfoundduringlift-ofprocedures,itcanalsobeshownthat
thesputeringprocessispotentialyharmfultotheactivesemiconductorlayerunderneath
thesourceelectrode.Todemonstratethis,theVOFETfabricationprocessisstoppedafter
theﬁrstlift-ofprocedure.Usingthetwoadjacentsourcecontactsasthesourceanddrain
electrodesforaconventionalOFETwithL=50µmandW =2500µm(thelengthand
widthoftheOFETchannelasgivenbythewidthandseparationofthetwoVOFETsource
contacts,seetable4.5),onecanmeasuredirectlytheﬁeld-efectmobilityofthepentacene
layerafterthesputeringprocess.Figure5.2showsthetransferandoutputcharacteristics
ofsuchanOFETmeasurementofanincompleteVOFETstructure.Areferencedevice
withthesamedimensionsandmaterials,butwithoutthelayerofsputeredSiO2ontopof
thecontacts,isalsoshownandmeasurementswereperformedafterlift-of.Itisobvious
fromthiscomparisonandtheextractedperformanceparameters(seetable5.1)thatthe
sputeringprocessdoesindeeddamagetheunderlyingpentacenelayerinsuchawaythat
alowerefectivemobilityisdeterminedfortheSiO2-coveredsample.
InordertoensurethebestpossibleVOFETperformance,itseemsnecessarytode-
termineifandtowhatextentdamageofthelowerpentacenelayerisrelevantforthis
performance,i.e.towhatextentthelowerpentacenelayerplaysaroleinchargecarier
transportthroughtheVOFET.Totestthis,onemayvarythesourceinsulatormaterialand
depositionprocesssoastoﬁndalessharmfulmaterialsystemandtheninvestigatehow
theuseofthissystemafectstheVOFETperformance.Thiswilbedoneintheremainder
ofthissection.
Vth[V] gm[μS] S[V/dec] On/Ofratio µ[cm2/Vs]
w/ooxide -0.70 0.99 0.67 1.5x104 0.20
w/oxide -0.88 0.46 0.90 2.6x103 0.07
Table5.1.:Parametersextractedfromthetransfercurvesdisplayedinﬁgure5.2.
2Forsuchlift-ofresultsthewave-liketopographyhasbeenobservedtochangeduringimagingwitha
microscope.ThewayinwhichthesechangesoccursuggeststhatresidualsofHFEstilpresentonthe
sampledifuseinandoutofthegapsbetweentheAucontactandtheunderlyingpentacene.
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Figure5.2.:TransfercharacteristicsofanOFETconsistingof25nmpentacene,50nmAu
andasputeredlayerof120nmSiO2onthestandardSisubstratewith30nm
ofAl2O3.AreferencedevicewithoutthesputeredSiO2layerisshownin
black.Theapplieddrain-sourcevoltageisVDS=-6V.
5.1.1.OXIDESOURCEINSULATORS
Presumably,thedamageofthepentacenelayerduringsputeringiscausedmostlyby
theimpactofhigh-energyionsonthepentacenesurface.Asthissurfaceisveryrough
duetothepolycrystalinegrowthofpentacene,itmustbeassumedthatsomeofthese
damagedimpactsitesarelocatedveryclosetothesubstratesurfaceandthuscloseto
oreveninsidetheconductivechannelofOFETs,whichexplainsthereducedﬁeld-efect
mobilitydeterminedintheOFETmeasurements.Ifthisisindeedthecase,theuseof
thickerpentacenelayersorasputeringprocesswithreducedionenergywilimprovethe
measuredﬁeld-efectmobility.Totestthishypothesis,asetoflithographicalypaterned
OFETsisfabricatedwithvaryingthicknessesoftheactivepentacenelayer.Asbefore,
a100nm-thicklayerofSiO2issputeredontopoftheOFETpriortolift-ofinHFEata
constantplasmasourcepowerof90W.Inasecondset,thepentacenelayerthickness
iskeptconstantat20nmandtheplasmasourcepowerduringSiO2sputeringisvaried
instead.Theﬁeld-efectmobilitiesextractedfromtheseOFETsareshowninﬁgure5.3.
Itisobviousfromthesedatathatanincreaseinpentacenelayerthicknessdoesindeed
reducetheriskofdamagingthosepartsoftheﬁlmwhichconstitutethetransistorchannel.
Thevariationinplasmasourcepoweralsoshowstheexpectedtrend:Ahighersputering
powerleadstoincreaseddamagetothepentacene.Unfortunately,itwasalsofoundthat
whensigniﬁcantlyreducingthesputeringpower,theinsulatingqualityoftheresultant
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Figure5.3.:Field-efectmobilitiesofaseriesoflithographicalypaternedpentaceneOFETs
withAucontactsanddimensionsofL=50µmandW =2500µm.Alayerof
100nmSiO2issputeredontopoftheOFETsdepictedinred,green,blueand
cyanpriortothelift-ofinHFE,whilethegreyboxindicatesastandardOFET
samplewiththesamedimensions.Theboxareaindicatestheintervalof25%
to75%ofthemobilitydistribution,whilethewhiskersindicatetheintervalof
1.5standarddeviations.
SiO2isalsoreduced(datanotshownhere).Asourcepowerof100Wthereforeseemsa
goodcompromise,especialysincethelargerefectseemstobeproducedbyavariation
inpentacenelayerthicknessanyway.
Whiletheseresultsprovethatitispossibletoadjusttheprocessingparametersfor
thepentacenelayerandsputeringprocessinordertoreducethedamagingefectto
thepentacene,itisalsoworthtoexaminealternativeinsulatingmaterialsanddeposition
techniques.Onesuchalternativedepositiontechniquemightbethethermaldeposition
ofSiO2fromacrucible,asdoneforothermaterialsinthisthesis(seechapter4).This,
however,isnotatrivialmater:Theopticaltransparencyandhighsublimationpointof
SiO2requirespecialevaporatorssuitableforhigh-powerprocesses.Onesuchsourceis
availablefromKurtJ.LeskercompanyandwastestedatIAPPforpreciselythispurpose.
Thissource,however,wasunabletoproducesatisfyingresults3andSiO2depositionby
electronbeam(e-beam)evaporationwasequalyunsuccessful4,necessitatingasearchfor
alternativeinsulatingmaterials.
Onesuchalternativeisthecommonhigh-kdielectricAl2O3,whichisalreadyemployed
intheVOFETgeometryasthegatedielectric.Thismaterialistypicalydepositedbyatomic
3Thecrucibleinsidetheevaporatormeltedduringthecourseofthesetests.
4Thee-beamunitavailableinUFOIreacheddepositionratesofonly0.05Å/sandtheothere-beamsources
availableatIAPPproduceporouslayerswithinferiorinsulatingproperties.
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layerdeposition(ALD)withsubstratetemperaturesofapproximately250°C.Whilesuch
processingconditionsareunsuitableforthedepositionofAl2O3ontopoftheVOFET
sourcecontacts,theALDsystemavailableatIAPP(seechapter4)alsoincludesaplasma
sourcewithwhichitismoreeasilypossibletodriveso-caledplasma-enhancedALD
(PE-ALD)processesatprocessingtemperaturesof≤100°C.Themanufacturerofthe
systemclaimsthatthegeometryoftheprocesschamberpreventsdirectcontactbetween
theplasma-generatedUVradiationandthesubstrate,sothatoxidedepositionontopof
organiclayersshouldbepossible.However,asdemonstratedbyMichaelSawatzkiinhis
masterthesis[275],somedamagetothepentacenelayerinOFETsstiloccurswhen
Al2O3isdepositedontopoftheseOFETsbyPE-ALDatasubstratetemperatureof100°C
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Figure 5.9: Distribution of mobilities measured from a set of 25 devices for each experiment,
stack is shown in ﬁgure 5.8a with mask C1, whiskers contain1.5·σ, outliers are
indicated with points:
I:reference sample without any insulator on top of the source,
I:35 nm of ALD-processed oxide on top of source, without any further protection,
II:same as I but with 50 nm of Pentacene instead of 25 nm,
IV:10 nm of Pentacene between the gold and the oxide as a protection layer,
V:20 nm of Pentacene between the gold and the oxide as a protection layer,
VI:50 nm of Pentacene between the gold and the oxide as a protection layer.
than the reference sample. The second idea bases on the assumption that the plasma used in
the deposition process8would cause damage in the molecular structure of the semiconductor,
introduce defects, and thus reduce the mobility. A layer on top of the metal would protect the
Pentacene from a potential direct damage, in case the deposited gold would not. It should
also reach further into the channel than the gold, ofering protection at the indicated spots in
ﬁgure 5.8b. This method would solve the problem for both explanations.
It is technicaly irelevant which material is used as a protection layer, because it does not
have to play any role afterwards. Although very unlikely, it might stil have some smal doping
efect at some points in the device. Thus, Pentacene in diferent thicknesses has been taken
as a protection layer. It is clearly visible how the added material is improving the mobility of
the devices, with a tendency of thicker layers leading to beter results. The device with 50 nm
of sacriﬁcial layer has nearly the same average mobility as the reference device. Therefore,
this can be seen as a viable solution to this problem.
Although OFETs based on Pentacene are considered to be air-stable, they stil sufer a loss of
performance over time, even when stored in nitrogen. This can be seen in ﬁgure 5.10, where
the mobilities of a set of reference samples are depicted measured one day after sample
completion and two weeks later. The devices show one order of magnitude lower mobility
and a much greater spread as wel. The perfect and closed layers created by the ALD technique
ofer a possibility to seal of devices from external stress that cannot be encapsulated with
standard methods due to their complicated electrode structure. The samples covered with a
protection layer of Pentacene and aluminium oxide are not showing any noticeable mobility
8Argon plasma for the sputering and oxygen ions in the ALD process
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(seeﬁgure5.4).
Figure5.4.:Field-efectmobilitydistributionforasetof25devicesperOFETsample.Box
areasrepresenttheintervalfrom25%to75%ofthedatarangeandwhiskers
contain1.5standarddeviations.Outliersareindicatedaspoints.Samplesare
denotedasfolows:
Iref.:referencesamplewithoutanyinsulatorontopofthecontacts
Iald:35nmofAl2O3ontopofthecontacts
IIbot:pentacenelayerthicknessincreasedto50nm,otherwiseidenticaltoI
IV(10):likeI,butwith10nmofpentacenebetweenthecontactsandthe
oxideasprotectionlayer
V(20):likeI,butwith20nmofpentacenebetweenthecontactsandtheoxide
asprotectionlayer
VICyt.:likeI,butwith50nmofpentacenebetweenthecontactsandthe
oxideasprotectionlayer.
Figuretakenfromref.[275].
MichaelSawatzkiwasfurtherabletoshowthatthenon-directionaldepositionofAl2O3
duringALDresultsincoverageofth verticalundercutinunderlyingphotolithographic
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masks,thushinderingefﬁcientlift-ofofsuchmasks.Indeed,whendepositinglayersof
morethan30nmAl2O3byALD,alift-ofisnolongerpossible,meaningthatonlythinlayers
ofALD-depositedAl2O3canbestructuredbythephotolithographytechniqueusedinthis
thesis.Astheabilitytobestructuredbyphotolithographyisanessentialrequirementfor
anysourceinsulatorintheVOFETgeometry5,thisimposesalimittotheapplicabilityof
Al2O3. Whilethesource-drainleakagecurentsmeasuredinVOFETswith30nmAl2O3
asthesourceinsulatorwerecomparabletothosemeasuredfortheconventional100nm
ofsputeredSiO2,suchthininsulatinglayersinthesource-drainoverlapregionarenot
desirable,astheyincreasetheparasiticoverlapcapacitanceofthesetwocontactsand
maythushinderhigh-frequencyoperationoftheVOFET.
Othermetaloxidesmayeitherprovetobeinsufﬁcientinsulators(thiswasfoundtobe
thecasee.g.forthermalydepositedMoO3,whichwasalsotestedasapotentialSiO2
replacement)orcomewithprocessingissuessimilartothoseofSiO2andAl2O3(whichis
thecaseforanysputeredorALD-depositedoxide).
5.1.2.ORGANICSOURCEINSULATORS
PreviousefortsinmanufacturingOFETsonﬂexiblesubstrateshavedemonstratedthe
goodperformanceofpolymerinsulatorsasgatedielectricswithlowprocessingtem-
peratures.PolymerinsulatorssuchasCYTOP[100]orPVA[276]thereforeseemviable
alternativestousingmetaloxidesassourceinsulatorsinVOFETs.Here,too,theneedto
structurethesourceinsulatorontopofthesourceandorganicsemiconductorimposesa
limittotheapplicabilityofmanymaterials.Idealcandidatesarethereforephotoresistma-
terials,whichcanbestructureddirectlyontopofthesourcecontactthroughanadditional
photolithographystep[213,214],andsuchinsulatorswhichcanbeevaporatedthroughthe
samephotolithographymaskasthesourcecontacts.
Thetwopolymericresistswhichareusedforphotolithographywithinthisthesisboth
appeartobesuitableinsulatorcandidatesatﬁrstglance.Theuseofma-P1210,however,
whileprovidingtheoptiontoreducetheresistthicknesstotheorderof100nmthrough
suitabledilution6,againnecessitatestheuseofaprotectivelayertopreventdamageof
5Structuringthesourceinsulatorbydepositionthroughashadowmaskhasbeenconsideredpreviously,
butthisresultsinaverylargeoverlapoftheinsulatorintotheverticalchannelandthuspreventstran-
sistoroperation.Etchingprocessesareequalyproblematicduetothepotentialdamagetotheorganic
semiconductor.
6ThishasbeentestedbyDipl.-Phys.EricJehnesinthecourseofhisworkatIAPP.
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theorganicsemiconductor.Consequently,itshouldberuledoutasagoodandeasy-to-use
optionfortheVOFETgeometry.OrthogonalInc.,thesupplierofOrtho310,alsoprovidesa
light-sensitivepolymersimilartoOrtho310,whichmaybeusedasanegativephotoresist.
Thisresist,OSCoR4000,canbedilutedinitsstripper(stripper700,OrthogonalInc.)and
spin-coatedtoproducediferentlayerthicknesses.Totestitsinsulatingproperties,m-i-m
deviceswithvaryingOSCoRlayerthicknessesandAlcontactswerepreparedandtheirjV
characteristicsmeasured.Theresultsareshowninﬁgure5.5togetherwiththoseobtained
fromasimilarm-i-mstructurewith100nmSiO2astheinsulator.
Figure5.5.:jVcharacteristicsofm-i-mstructureswithAlcontactsandOrtho310indifer-
entthicknesses.AreferencedevicewithSiO2astheinsulatorisalsoshown.
While200nmofOSCoR(obtainedthroughspin-coatinga1:3solutionofOSCoRand
stripper700at3000rpmfor30s)evidentlydonotprovidesufﬁcientelectricalinsulationto
outperformSiO2,OSCoRdilutedina1:2weightratiowithstripper700andspin-coatedat
3000rpmfor30sgivesalayerthicknessof300nmandproducesleakagecurentsofonly
20µA/m2,thusoutperformingSiO2byfourordersofmagnitude. Whileitwasveriﬁedthat
suchthinOSCoRlayerscanstilbestructuredinastandardphotolithographyandlift-of
process,theiruseasVOFETsourceinsulatorsrequiresprecisealignmentoftherespective
lithographypaternwiththeunderlyingsourcecontact.Forthemasklessexposuresystem
usedinthisthesis(seechapter4),suchprecisealignmentcouldnotbeachieved.However,
itwaslatershownbyMichaelSawatzkithatOSCoRisindeedawel-functioningalternative
toSiO2whenstructuredwithahigh-resolutionmaskaligner(seethemasterthesisof
MichaelSawatzkifordetails[275]).
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Organicinsulatorswhichcanbedepositedbytheconventionalthermalevaporation
methodarehardtocomeby. Whilee.g.polyethylenehasbeenreportedtobedeposited
thiswayontopofanalreadyexistingAl2O3layer[277],reportsofastand-alonepolymer
dielectricwhichcanbeevaporatedaredifﬁculttoﬁnd.In2008however,Jungetal.reported
onathermalydeposited,hydrophobicsmal moleculeorganicinsulatorwhichwasused
toencapsulatepentaceneOFETsandthusincreasetheirlife-timeinambientconditions
[278]. Later,Krausetal.successfulyemployedthesame material,thelongalkane
tetratetracontane(TTC,seetable4.3),asasubstratepassivationlayerforOFETs[85].
In2012,Gölneretal.demonstratedadouble-gatedpentaceneOFETusingTTCasthe
dielectricfortheelectrolytetopgate,thusdemonstratingthepotentialofTTCasanorganic
(a) (b) 
insulator[279].
Figure5.6.:Transfercharacteristics(a)andoutputcharacteristics(b)ofVOFETswithsource
insulatorsmadeof100nmSiO2(black),100nmTTC(red)andacombinationof
25nmSiO2and75nmTTC(green).Theapplieddrainvoltageforthetransfer
characteristicsisVDS=-6V.Thegatevoltagefortheoutputcharacteristics
wasvariedfrom0Vto-6Vinstepsof1V.
Vth[V] gm[μS] S[V/dec] On/Ofratio
SiO2insulator -0.70 5.77 0.31 3.0x106
TTCinsulator -1.48 1.44 0.51 1.0x106
Hybridinsulator -1.40 9.35 0.26 6.1x106
Table5.2.:Performanceparametersextractedfromthetransfercurvesdisplayedinﬁgure
5.6(a).
Figure5.6showsthetransferandoutputcharacteristicsofpentaceneVOFETsinwhich
diferentsourceinsulatorsareemployed:100nmSiO2asthereferencedevice(shown
inblack),25nmSiO2with75nmTTContopasanorganic-inorganichybridinsulator
(green)and100nmpureTTCasastand-aloneorganicinsulator(red).Theextracted
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performanceparametersaregivenintable5.2.Evidently,thesamplecontainingthehybrid
insulatoroutperformsthepureorganicandinorganicsourceinsulatorsineveryrespect
butthethresholdvoltage.ThehighertransconductanceandOn/Ofratioindicatethat
thepentacenelayerunderneaththesourceelectrodeislessdamagedwhendepositing
athinnerSiO2layer,whilethehybridinsulatorstilprovidessufﬁcientlygoodinsulating
propertiestokeepthesource-drainleakagecurentslow. TheincreaseofVthwith
introductionofaTTClayerintotheVOFETgeometrymaybeatributedtothemanufacturing
process:AssuggestedbyKrausetal.forTTConSiO2[85,88],theVOFETsamples
containingTTClayerswereannealedinanitrogengloveboxfortwohoursat60°Cafter
TTCdeposition.AccordingtoKrausetal.,thisleadstoareorganisationoftheTTCfrom
theinitialclustergrowthintoaclosedﬁlmwithclearlydeﬁnedteracesof5nmheight
diference(thelengthofoneTTCmoleculealongitslongaxis).Clearly,thisannealing
stepalsoleadstoadifusionofTTCovertheedgeoftheVOFETsourcecontacts,thus
providingaconsiderableinsulatoroverlap.Ifchargecariersareinjectedprimarilyfrom
thebotomsurfaceofthesourcecontacts,asexpected,thensuchanincreasedinsulator
overlapnaturalyrequiresahigherVOFETthresholdvoltage.
ForthecaseofVOFETsusingonlyTTCasthesourceinsulator,onlyasingleworking
devicewasfoundonasamplecontainingapproximately30VOFETs,alotherdevices
showedsource-drainshort-circuits.Repetitionsofthisexperimentyieldednoworking
deviceswithTTCinsulatorsatal.Thereasonforthispooryieldbecomesapparentwhen
consideringthegrowthmodeofTTC.Figure5.7showsanAFMimageoftheterace-like
morphologyofannealedTTCstackingverticalyonSiO2,asreportedalsobyKrauset
al.[88].Here,thedarkestregions,accordingtotheheightscalebarshownontheright,
corespondtooneortwomonolayersofTTC,whileteracesareformedprimarilyinthe
thirdmonolayerandpoint-likefeaturesarecausedbyafourthmonolayer.
ThisformationofclosedﬁlmswithneatlystackedTTCmoleculesseemspossibleonly
onSiO2.SimilarexperimentswithTTCevaporatedontopofdiferentmaterials(glass
substrates,metals,metaloxidesandorganicsemiconductors7)andcombinedwithvarious
annealingproceduresyieldedalwaysthesameresult:SurfacesotherthanSiO2causethe
formationofhighTTCneedles,whichcannotbeﬂatenedbyannealing.Thiswasfound
alsobyNakayamaetal.forTTCgrownonrubrenesinglecrystals[280]andbythegroup
7MaterialstestedontopofSisubstrateswith30nmAl2O3:30nmofAl,Au,Cr,SiO,pentaceneandC60.
ThegrowthofTTCdirectlyontheAl2O3-coveredsubstratewasalsoinvestigated.
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Figure5.7.:TappingmodeAFMimageofnominaly20nmTTConanSiwaferwith200nm
thermalygrownSiO2.Thesamplewasannealedinanitrogengloveboxfor
twohoursat60°Cpriortoimaging.
ofProf. WolfgangBrüting(UniversitätAugsburg,Germany)forvariousothermaterials
accordingtoadiscussionwithProf.Brütingin2013.ForthecaseofnominalTTClayer
thicknesses≥50nm,theheightoftheseTTCneedlesmayevenexceed1µmandwhile
closedlayersofTTCmaybeformedunderneaththeseneedles,theyareevidentlynot
sufﬁcientlyinsulatingtopreventsource-drainshort-circuitsintheVOFETarchitecture,
asdemonstratedbythepooryieldfor100nmTTCasthesolesourceinsulator.The
reasonsforTTC’speculiarbehaviouronSiO2arecurentlyunclearandamorethorough
investigationiscertainlyrequiredinordertoclarifythismater.This,however,wasomited
heresoasnottodigresstoofarfromthemaintopicofthiswork.Sufﬁceittosaythat
TTCmayprovetobeaninterestinginsulatorinthefutureifitsgrowthcanbecontroled.
Thehybridinsulatorhowever,whenconsideringtheincreasedprocessingefort,doesnot
showsufﬁcientimprovementinperformanceandreproducibilitytomakeittrulysuperior
tothe100nmSiO2insulator.This“standard”SiO2insulatorwilthereforebeusedforthe
remainderofthisworksoastoprovideaconsistentreference.
5.2.EFFECTSOFTHEPENTACENEMORPHOLOGY
Asdemonstratedintheprevioussection,thechoiceofthesourceinsulatormayhavean
efectontheVOFETperformanceintermsoftransconductanceandOn/Ofratio.This
efect,however,seemstoberelatedmostlytotheinsulator’sinﬂuenceonthesemicon-
ductorlayerunderneaththesourceelectrodes.Consequently,amoredirectmethodof
improvingdeviceperformancemaybetoimprovethequalityofthissemiconductorlayer.
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Thermaly evaporated pentacene is already a good material choice as it is easy to process
and provides good transport properties in many conventional OFET geometries. In general,
this holds true also for the VOFET architecture. In this case, however, the morphology
of pentacene proves to be a certain drawback. As reported by Kleemannet al.for the
case of C60OFETs structured by photolithography, residuals of the protective resist Ortho
310 may remain on the semiconductor surface after the patern transfer step (step 3 in
ﬁgure 4.3) and thus increase contact resistance in lithographicaly paterned OFETs [90].
This efect increases with increasing semiconductor surface roughness and is thus more
pronounced for polycrystaline pentacene ﬁlms than for the amorphous C60. It is also
present in the VOFET architecture and may here be combined with an increased channel
resistance due to resist residuals in the vertical channel region between the lower and
upper semiconductor layer (see ﬁgure 5.8).
Gate 
Dielectric 
Semiconductor 
Source Source 
Insulator Insulator 
Drain 
Figure 5.8.:Schematic representation of a VOFET structure with the position of Ortho 310
residuals marked as a doted orange line.
As Cossedduet al. have shown, the average grain size and surface roughness of
polycrystaline pentacene ﬁlms may be controled by the deposition rate for evaporated
ﬁlms, while the crystalinity remains unchanged [160]. This is shown also in ﬁgure 5.9 (a)
to (c) for pentacene ﬁlms evaporated onto Si wafers with 20 nm Al2O3at deposition rates
of 0.5, 1.5 and 2.5 Å/s (see appendix A for XRD spectra). Figure 5.9 (d) to (f) further shows
that also the nominal thickness of the pentacene ﬁlm has an inﬂuence on grain size and
surface roughness, since the growth regime eventualy changes from the thin ﬁlm phase
(broad, ﬂat crystalites, visible in al parts of ﬁgure 5.9) to the onset of a bulk phase (rod-like
grains, visible particularly in ﬁgure 5.9 (f). This trend, too, can be conﬁrmed by XRD (see
appendix A).
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Figure 5.9.:Tapping mode AFM images of pentacene evaporated onto Si wafers with
30 nm ALD-deposited Al2O3on top. (a) to (c): Layer thickness of 20 nm with
deposition rates of 0.5 Å/s, 1.5 Å/s and 2.5 Å/s. (d) to (f): Deposition rate of
0.5 Å/s with layer thicknesses of 10 nm, 20 nm and 30 nm.
When such pentacene ﬁlms of varying surface roughness are used as the botom
semiconductor layers in VOFETs, a dependence of the transfer and output characteristics
on deposition rate is observed, where the strongest efects are noticeable in the output
characteristics (see ﬁgure 5.10). In particular, the output characteristics at smalVDS
become distinctly non-linear for pentacene ﬁlms with higher deposition rates, a feature
which is suggestive of contact limitation (see chapter 2). Additionaly, one observes a
decrease in transconductance with increasing deposition rate.
Vth[V] gm[μS] S[V/dec] On/Of ratio
0.5 Å/s -0.80 12.15 0.41 6.3 x 105
1.5 Å/s -0.50 9.52 0.79 4.4 x 105
2.5 Å/s -0.70 5.68 0.28 1.9 x 106
Table 5.3.:Performance parameters extracted from the transistors displayed in ﬁgure 5.10.
The occurence of contact efects naturaly leads to the conclusion that either the
contact resistance increases for pentacene ﬁlms deposited at a higher rate or the channel
resistance must decrease. The former is considered as unlikely since the higher deposition
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(a) (b) (c) 
Figure5.10.:OutputcharacteristicsofpentaceneVOFETswiththebotompentacenelayer
evaporatedatdiferentdepositionrates.Thegatevoltagewasvariedinsteps
of1V,withthemaximumgatevoltagesettoVGS=-6V.
ratecausessmootherﬁlmsandshouldthereforeyieldabeter-ratherthanworse-contact
betweentheAuelectrodesandtheunderlyingpentacene.Toverifythis,aseriesofOFETs
withAucontactsandpentaceneevaporatedatthesamerateswasalsoinvestigatedanda
TLManalysiswasperformed.Theextractedcontactresistance,however,showsnoclear
dependenceonthedepositionrate(seeﬁgure5.11(b).Thisindicatesthatatleastthe
paterntransferwithHFEsolventscanbeperformedwithoutleavingvastquantitiesof
resistresiduals,althoughtheinitialdataofKleemannetal.
(a) (b) (c) 
suggestedotherwise[90].On
Figure5.11.:Sheetresistance(a),width-normalisedcontactresistance(b)andtransfer
length(c)extractedfromasetofOFETswith25nmofpentacenedeposited
atdiferentratesand40nmAucontacts.
theotherhand,thesheetresistancedataextractedinthesameTLManalysissuggests
thatalsothechannelresistanceintheVOFETshouldincreasewithincreasingdeposition
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rate.This,accordingtoCossedduetal.,wouldbeduetoadecreaseinchargecarier
mobilitywithdecreasinggrainsize,i.e.withincreasingdepositionrate.Evidently,there
isacontradictionbetweentheincreasingchannelresistanceduetoaloweredmobility
andtheoccurenceofcontactefectsobservedintheVOFETcharacteristicsinﬁgure5.10.
Thisapparentparadoxmaybesolvedthus: Whilethemobilityinthelowerpentacenelayer
maydecreasewithincreasingdepositionrate,thesurfaceofthislayerbecomessmoother.
Ifoneassumesthatthelift-ofprocessinHFE(seechapter4)islessefﬁcientinremoving
Ortho310residualsthanthepaterntransferprocess8,itislikelythatthechannelresistance
isindeedafectedbyresistresidualsandthusbysemiconductorsurfaceroughness.Then,
theobservedoutputcharacteristicsaretheresultofaconvolutionofincreasingchannel
resistanceduetodecreasingmobilityanddecreasingchannelresistanceduetofewer
resistresiduals.
Twoimportantconclusionsmaybedrawnfromtheseobservations:Forone,theVOFET
performanceappearstodependsigniﬁcantlyonthequalityofthephotolithographypro-
cess, morepreciselytheextenttowhichtheresistlayerscanberemovedfromthe
semiconductorsurface.Secondly,thedatapresentedinthissectionsuggestthatcharge
cariertransportunderneaththesourceelectrode,i.e.inthebotomsemiconductorlayer,
isnotnegligibleinthisverticaltransistorarchitecture.
5.3.SUMMARY
BysimplevariationsoftheprocessingconditionsandmaterialsusedintheVOFETar-
chitecture,ithasbeenpossibletoidentifyseveralparameterswhichhaveanefecton
theoveralVOFETperformance.Thesourceinsulator,madehithertoof100nmSiO2
anddepositedbymagnetronsputering,determinesnotonlytheamountofsource-drain
leakagecurent,butthemannerinwhichitisdepositedmayalsoafectthequalityofthe
organicsemiconductorunderneathandthesuccessofthelift-ofprocess.Amongthe
possiblealternativessuggestedhere,paternedﬂuoro-resistlayersorthermalydeposited
organicinsulatorsappeartobethemostpromisingchoices,providedtheirdeposition
andstructuringcanbecontroledsufﬁcientlyinthefuture.Forthepurposeofthiswork,
however,thestate-of-the-artSiO2insulatormustsufﬁceinordertoensurereproducible
8Thisiseasilypossibleasthepaterntransferprocessincludesacombinationofpuddle-etchingand
spin-rinsingwithHFE,whilethelift-ofisperformedsimplybydippingthesampleintoHFE.
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resultsandeasyprocessing.Inthiscase,goodcontroloverthepaterntransferprocess
isvital,asthisnotonlyappearstocontroltheamountofSiO2overlappingfromtheAu
contactedgeintotheverticalchannelregion,butagoodpaterntransferprocedurealso
seemstoavoidanincreasedcontactresistanceduetoresistresidualsunderneaththeAu
contacts.
Itwaspossibletoshowthatthislaterefect,aswelasthechannelresistance,canalso
bepartialycontroledbytherateatwhichthebotomsemiconductorlayerisdeposited.It
wasfurtherobservedthatthisbotomsemiconductorlayermayalsoplayasigniﬁcantrole
notonlyinchargecarierinjection,butalsoinchargecariertransport.AstheVOFETis
intendedasashort-channeldevicegovernedmostly,ifnotentirely,bytransportthrough
theverticalchannel,itisevidentlynecessarytodeterminetheextendtowhichthisbotom
semiconductorlayerplaysaroleinthechargetransport.Thegeneralquestionofcharge
cariertransportinthisverticalarchitecturewilthereforebedealtwithinmoredetailin
thefolowingchapter.
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6.CHARGETRANSPORTINTHE
VOFET
ThischapterwilfocusontheoperationalprincipleoftheVOFETgeometry.Inparticular,
itwildiscussa3DsimulationoftheVOFETgeometrycreatedandperformedbyDr.
KlausGärtner,Dr.AnnegretGlitzky,Dr.ThomasKopruckiandDr.DoanDuyHaifrom
the WeierstrassInstituteforAnalysisandStochastic(WIAS)inBerlin.Theaimofthis
simulationistoprovideinformationonthechargecarierﬂowandpotentialdistribution
insidetheVOFETgeometry.ThedataproducedbytheWIASsimulationwilbecompared
toexperimentaldataandanatempttovisualisetheverticalchannelbylightemission
wilbepresented.TheselaterexperimentswereperformedbyMichaelSawatzki(IAPP)
inhisMasterthesis.DiscussionoftheoperationalmechanismoftheVOFETwilfurther
beaidedbyanelectronmicroscopystudyontheVOFETstructureperformedbyDr.Petr
Formánek(IPF).
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ThepreviouschapterhasclearlyilustratedtheexperimentalchalengesinpreparingVOFET
samplesandhasdemonstratedhowdiferent,sometimesevenoppositeefectscan
convolutetoproducetransistorcharacteristicswhicharenotalwayseasilyunderstood.
Inparticular,thepresentedexperimentalresultssuggestaconsiderablecontributionof
lateraltransportunderneaththesourceelectrodetotheoveraltransistorcharacteristics,
whichmaybeduetoanoverlapofthesourceinsulatorintotheverticalchannelregion.It
isobviousfromtheseﬁndingsthatboththeexactgeometryandthechargecarierﬂow
throughthisgeometryneedtobeunderstoodinmoredetail.Ascertainchargetransport
efectsmaynotbevisibleoratleasteasilyidentiﬁableintherealdeviceduetothe
experimentallimitationsdetailedpreviously,acombinationofexperimentalinvestigations
andnumericalsimulationsmustbeusedinordertounderstandthechargetransport
processesintheVOFETinmoredetail.
Thischapterwilthereforebeginbydiscussingtheexactgeometryandlayerarangement
oftheVOFETbasedonelectronmicroscopyinvestigationsofVOFETsamples.This
structuralinformationwilthenbeusedtosetupanumericalsimulationoftheworking
VOFETwhichyieldsﬁrstresultsconcerningtheidealbehaviouroftheVOFET.Theresults
producedbythesimulationarecheckedagainstexperimentaldata.Namely,theformation
oftheverticalchannelisanalysedinmoredetailusingboththesimulationdataand
experimentalresultsprovidedby MichaelSawatzkiinhismasterthesis[275].Lastly,
byusingthepeculiarchargetransportpropertiesofpentacene,predictionsmadeby
thesimulationwithregardstolayerthicknessandmobilityvariationswilbetestedand
conclusionswilbedrawnregardingtheidealVOFET.
6.1.SIMULATINGCURRENTFLOWINTHEVOFET
InordertogainanunderstandingofthefundamentalworkingprinciplesoftheVOFETand
ofitsbehaviourunderidealconditions,anumericalsimulationofchargecariertransportin
theknownVOFETgeometryisnecessary.ThissimulationisperformedbyDr.DuyHai
Doan,Dr.ThomasKoprucki,Dr.AnnegretGlitzkiandDr.KlausGärtnerfromtheWeierstrass
InstituteforAppliedAnalysisandStochastic(WIAS)inBerlin.Forthissimulationtoproduce
accurateresultswhicharequalitativelyandquantitativelycomparabletotheexperimental
dataobtainedfromrealdevices,thelayerarangementandgeometryoftherealVOFET
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need to be investigated. As chapter 5 has demonstrated, the hitherto assumed structure
of a VOFET stack with wel-aligned vertical layer edges (as shown in ﬁgure 5.8) appears to
be incorect.
6.1.1. DETERMINING THE REAL STRUCTURE OF THE VOFET
The precise structure of the VOFET is best examined using electron microscopy, which
provides a high resolution for measuring not only the surface topology of a VOFET sample,
but to image also the vertical stacking of the individual layers, with a contrast sufﬁcient to
distinguish organic, metalic and oxide layers. The vertical layer arangement is examined by
cuting a lamela of the VOFET structure (see chapter 4) and scanning it with transmission
electron microscopy (TEM), while the VOFET sample surface is investigated using scanning
electron microscopy (SEM). Both measurements are performed by Dr. Petr Formánek
from IPF. Figure 6.1 shows a top view of the overlap area between the source and drain
electrodes of the VOFET, as obtained by SEM. The source and drain areas are marked
in blue and orange. The image also shows a clear horizontal line feature. Its distance
to the source edge (approximately 3.2µm) is marked with a red line. Comparing the
Source 
Drain SiO2 overlap? 
Channel 
1!m 
Figure 6.1.:SEM top view of the source-drain overlap region in the VOFET. The source
area is indicated in blue, the drain is marked as orange. The dashed red line
indicates the proposed length of the source insulator overlap and the solid
red line indicates the edge of the vertical channel region. Reproduced from
ref. [268].
growth regimes of pentacene in the diferent regions, one observes that a dominant bulk
phase, i.e. rod-like crystalites, is only visible in the botom right corner of this image.
Consequently, the top layer of pentacene, which is evaporated through the same mask as
the drain electrode, grows directly on top of the lower pentacene layer only in this one
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region. Wherethesourceanddrainoverlap,thesecondpentacenelayerformsathinﬁlm
phaseonthesurfaceofthesourceinsulator.Asthereislitlediferencebetweenthe
pentacenemorphologyinthesource-drainoverlapregion(toprightcorneroftheimage)
andthepartdirectlyunderneathuptothehorizontallinefeature,itmustbeconcluded
thatthesecondpentacenelayergrowsontopofSiO2alsointhisregion,meaningthat
thehorizontallinefeaturemustmarktheedgeofSiO2overlappingtheedgeofthesource
contact.ThestructureoftheVOFETwouldthenmorepreciselybedescribedbythe
schematicshowninﬁgure6.2(b)(ascomparedtothepreviousversion,showninﬁgure
(b) 
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Dielectric Semiconductor 
Source Source 
Insulator Insulator 
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Gate 
Dielectric Semiconductor 
Source Source 
Drain (a) (b) 
6.2(a).
Figure6.2.:SchematicrepresentationoftheVOFETstack:(a)Simpliﬁedpicturewithout
insulatoroverlapasusedsofar,(b)modiﬁedschematicincludingasmalsource
insulatoroverlap.
TheexistenceofasourceinsulatoroverlapcanbeveriﬁedbyTEMmeasurementson
lamelacuts(producedbyfocusedionbeam,FIB)ofdiferentregionsoftheVOFET.Figure
6.3showssuchimagesoftheverticallayerarangementoftheVOFETforthecentreof
thesource-drainoverlapregion(ﬁgure6.3(a),theedgeofthisoverlapregion(ﬁgure6.3
(b)andthevicinityofthehorizontallinefeatureobservedintheSEMimage(ﬁgure6.3(c).
ThecontrastandthicknessofthediferentlayersintheTEMimagealowstoidentifythem
precisely,asmarkedinﬁgure6.3.ItisobviousfromthisdatathatthethickSiO2layerused
asthesourceinsulatordoesindeedoverlapthesourceedgebyanoticeableamountand
thatitsvertical“edge”isinfactathinningtail,asisalsothecaseforthesourceelectrode.
Itfolowsthatthelowerpentacenelayerhasindeedanincreasedchanceofgeting
damagedbyfastionimpactduringthesputeringprocessifSiO2isdepositeddirectlyonto
thepentacenesurfaceinthevicinityofthesourcecontact.Furthermore,theexistence
ofthisinsulatoroverlapanditsthicknessatthesourceedgesuggestthatchargecarier
injectionmusttakeplaceonlyfromthebotomsurfaceofthesourcecontact.Inthiscase,
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Figure 6.3.: TEM images of lamela cuts through the VOFET in three diferent regions: (a)
the centre of the source-drain overlap region, (b) the edge of the source-drain
overlap region and (c) the approximate position of the SiO2edge observed
in ﬁgure 6.1. Individual layers are labeled and the stack is shown in reverse,
i.e. with the Si substrate on top and the Au drain electrode on the botom.
charge cariers may accumulate at the gate dielectric interface or at the botom surface
of the source insulator before moving into the vertical channel. It seems reasonable to
assume that they difuse along one of these interfaces until they have passed the source
insulator overlap edge and only then begin to drift upwards into the vertical channel due to
the applied source-drain ﬁeld.
6.1.2. THE NUMERICAL SIMULATION
The numerical simulation performed by the team at WIAS uses the Oskar3 solver (created
by Dr. Klaus Gärtner, WIAS) to ﬁnd solutions to the classical van Roosbroeck equation
system in a non-degenerate semiconductor with a self-consistent electric ﬁeld [281]:
−∇r·ε0εr∇rΦ=e(c−n+p)
∂n
∂t−∇r(Dnni∇r
n
ni−µnnΦ)+R(n, p)=0
∂p
∂t−∇r(Dpni∇r
p
ni−µppΦ)+R(n, p) = 0 (6.1)
Here,cis the local doping concentration,Φthe electrostatic potential andRa function
representing generation and recombination processes1.nandpare the electron and
hole densities,µnandµpare the respective carier mobilities andDnandDpthe difusion
coefﬁcients associated with these cariers. For a non-degenerate system, these are given
1Curently, Shockley-Reed-Hal recombination (SRH) and Auger recombination processes are implemented in
Oskar3.
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bytheEinsteinrelationasDn,p=kBTeµn,p[30].TherespectiveVOFETstackisrepresented
ina3Dsimplexgridwithatetrahedralmesh,whichisdenserinthevicinityofimportant
VOFETregions,suchastheverticalsourceedgeortheedgeofthesourceinsulator(see(c) 
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(a) Simplex grid that has been used for the simu-
lation (projection into 2D): The grid points form
tetrahedrons and are denser in areas of higher
interest.
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(b) Cartesian grid used for ploting and curent cal-
culation: It arises from the values of the simplex
grid via nearest neighbour averaging.
Figure 3.11: Comparison between the calculation and the ploting grid
dataVs(ri,1/2)with an averaging like this:
Vk(i)=
Vs(ri,1)
r2i,1 +
Vs(ri,2)
r2i,2
1
r2i,1+
1
r2i,2
. (3.4)
This alows to gain values for the empty regions, while stil obtaining a good precision in the
dense areas. Higher numbers of considered neighbours and a higher order in the averaging
have been tested as wel, but usualy worsened the result. As the last step, a Gaussian ﬁlter
with aσof1.8around each point was used, to smoothen out some of the artefacts of the
conversion.
Because the quantity that can be compared to the light emission of a VOLET is the curent
density and not the charge carier density that is coming from the WIAS simulation, additional
calculation had to be done (based upon [1], chapter 1.5). For this, only the vertical (y) curent
is interesting and not the lateral (x), because only the vertical curent can be compared to the
light emission of the VOLET. The curent in an electric ﬁeld is given by:
j=σE+jdif, (3.5)
withEas the electric ﬁeld caused by the drain-source voltage andjdif the difusion curent
which wil be neglected, because it is not relevant in the y-direction. The electrical conductivity
σcan be calculated via:
σ(r)=qe[n(r)µn+p(r)µp]. (3.6)
Because the simulation is covering C60transistors18, the hole curent can be neglected. The
vertical path is a series of single conductivities, which means the total conductivity of the
18The ﬁrst VOFETs built in this form were C60transistors by Hans Kleemann. Thus, the simulations started with
this material.
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ﬁgure6.4).Theelectrodesarerepresentedashighlydopedregionsofthesemiconductor
Figure6.4.:(a)SchematicrepresentationoftheVOFETlayoutusedfortheinitialsimulation.
Thetotallateraldimensionofthesimulationdeviceis2µm.(b)2Drepres-
entationofthetetrahedralmeshgridusedasdatapointsforthenumerical
simulation.
(here,n=5x1021cm-3)withohmicinjectionintotheunderlyingintrinsicsemiconductor
layersandaloxidelayersaretreatedasperfectinsulators.Themobilitymodelusedto
describechargecariertransportwasoriginalydevelopedonlyforsiliconandthusincluded
theScharfeter-Gummelapproachforionisedimpurityscatering,aformalismforneutral
impurityscateringandAdler’smodelforcarier-carierscatering,whicharealcombined
throughMathiessen’srule[282]andmodiﬁedbyavelocitysaturationtermaccording
toCaugheyandThomastoaccountforelectricﬁelddependence[283].Inmorerecent
versionsofOskar3,theEGDMmodel(seesection1.2)hasalsobeenincorporatedto
describemoreaccuratelythetemperature-andﬁeld-dependentchargecariertransport
indisorderedorganicsemiconductors.Frth purposeofVOFETsimulations,however,
theactive materialwasﬁrstimplementd sintrinsic,trap-freeC60withaconstant
mobilityof0.1cm2/Vs.Toreducetherequiredcomputingpowerandgainaﬁrstqualitative
understandingofthesimulatedVOFET,thelateraldimensionsoftheVOFETstructurehave
alsobeenreducedbyoneorderofmagnitude,asisvisiblefromﬁgure6.4.
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Figure6.5.:ElectrondensityinthesimulatedVOFETgeometryasafunctionofgatebias
withsourceanddrainconnectedasshowninﬁgure6.4.Thegateelectrode,
gatedielectricanddrainelectrodeareshownonlyschematicalyinthese
imagesastheyareofnointerestforthesimulationandarethusimplemented
onlyasboundaryconditions.Inthecolourschemeusedhere,bluerepresents
alowchargecarierdensityof10-7cm-3,whileredindicateshighchargecarier
densityontheorderof1020cm-3.Theappliedsource-drainvoltageisVDS=
1.0V.
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FORWARDBIAS
TheWIASsimulationprovidesinformationonnumerousvariables,suchasthepotential
distribution,chargecarierdensity,SRHgenerationrateetc.Forthepurposeofthiswork,
thechargecarierdensityandpotentialdistributionareofthehighestinterest,asthey
providevitalinformationaboutthefunctionalprinciplesoftheVOFET.Figure6.5shows
theelectrondensitydistributioninsidethesimulatedC60VOFETdisplayedinﬁgure6.4
(a)fordiferentgatebiasconditions.Atnegativebias,i.e.intheOf-state,chargecariers
accumulatenearthesourcecontactduetotheopposinggateﬁeld.Asmaldensityof
electronsdifuseslateralyfromthesourcethroughthebulkofthesemiconductor(n~
107cm-3)andmayreachtheverticalchannelregioniftheirdifusionlengthissufﬁciently
long.ThesechargecariersconstituteanOf-statecurenttowardsthedrainwhichis
barelylargerthanthesuroundingbackgrounddensityofcariers.Asthegatevoltageis
increasedbeyondthreshold(Vth=0V),morechargecariersareemitedfromthesource
electrodeandbegintoaccumulateintheunderlyingsemiconductor.Asinaconventional
OFET,theincreasedchargecarierdensityinthisregionresultsintheformationofa
conductiveregion.Thedifusionlengthofcariersinthisregionissigniﬁcantlylarger,
thusalowingmorecarierstodifusetothesourceinsulator’sedgeanddriftuptowards
thedrainelectrode.Itisinterestingtonote,however,thatforthecaseofalowVGSin
comparisontoVDS,theconductiveaccumulationregioninthebotomsemiconductorlayer
(a) (b) 
islocatednearthesourceandsourceinsulator(compareﬁgures6.6and6.7).Thisisin
Figure6.6.:Lateralchargecarierdensity(a)andelectricpotential(b)proﬁlesinthebotom
semiconductorlayerofaVOFETwithasmalinsulatoroverlapatapositiony
=1nm,i.e.1nmabovethegatedielectricinterface.Bluelinesindicatelow
VGSandredindicateshighVGS.
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(a) (b) 
Figure6.7.:Lateralchargecarierdensity(a)andelectricpotential(b)proﬁlesinthebotom
semiconductorlayerofaVOFETwithasmalinsulatoroverlapatapositiony
=45nm,i.e.5nmbelowthesourcecontact.BluelinesindicatelowVGSand
redindicateshighVGS.
starkcontrasttoconventionalOFETs,wherechargecariersalwaysaccumulateatthegate
dielectricinterface.Inthevoltageregime|VDS|>|VGS−Vth|,theVOFETthereforeleast
fulﬁlsthegradualchannelapproximationasthedrainﬁeldhereisconsiderablystronger
thanthegateﬁeldandthusleadstothisshiftinaccumulationposition. Whetherornotthis
scenarioisatalaccessibleinarealVOFETwildependstronglyontheﬁelddistribution
andthustheshapeandthicknessofthesourceinsulatoroverlap.Acomparisonofthe
simulatedgeometryofalongoverlapwiththeTEMmeasurementsinﬁgure6.3,however,
suggeststhatthedrainﬁeldnearthesourceelectrodeisgeneralymuchweakerinthereal
devicesduetotheoveralthickerandmoreextendedoverlap.Theaccumulationlayermay
consequentlybelocatedclosertothegatedielectricinterfaceforthesaturationregimeof
arealVOFET.
Asthegatebiasisincreasedinthesimulation,thepositionoftheaccumulationregion
shiftstowardsthegatedielectricinterfaceandthustoaconventionalOFETbehaviour,
wherenowtheentireverticalchannelregionisgradualyusedtoconductcarierstowards
thedrain.Atthisstage,theverticalchannelisfulysaturated,whichmanifestsalsoasa
saturationinthetransfercharacteristicsofthesimulatedVOFET(seeﬁgure6.8).Fromthis,
itcanbeconcludedthatintheidealVOFET’slinearregime,where|VDS|<|VGS−Vth|,the
On-statecurentislimitedbythelateralextentoftheverticalchannel.IntherealVOFET
withtwosourcecontacts(seee.g.ﬁgure6.2),thislaterallimitcorespondstothedistance
betweenthetwoinsulatoroverlapedges.InrealVOFETs,however,thereducedlateral
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conductivityduetotrapsatthegatedielectricinterfacewilpreventdifusiononthislength
scale,sothatanexponentialdecreaseinchargecarierdensitywithlateralchannelextent
wilbeobservedinstead2
(a) (b) 
.
Figure6.8.:(a)TransfercharacteristicsofsimulatedVOFETswithdiferentdevicegeo-
metries:theoriginaldesignwithalonginsulatoroverlap(solidblackline),a
considerablyshorteroverlap(solidredline),theshortoverlapwithashorter,
dopeddrain(dotedredline)andadevicewithoutinsulatoroverlap(solid
greenline).(b)Thesamesolidcurvesshownonceagainonalinearscale.
Theappliedsource-drainvoltageis1.0Vandthecorespondingchargecarier
densitydistributionsareshowninﬁgure6.9.
Figure6.8showsthetransfercharacteristicsofseveralothergeometriesaswel.The
corespondingchargecarierdensitydistributionsaresummarisedinﬁgure6.9forselected
gatevoltages.Here,aVOFETwithaninsulatoroverlapofonly50nm(ﬁgure6.9(b)and
redtransfercurvesinﬁgure6.8)aswelasadevicewithoutanyoverlapoftheinsulator
overthesourceedge(ﬁgure6.9(c)andgreentransfercurveinﬁgure6.8)areshown.
Unsurprisingly,thelackofaninsulatoroverlapovertheverticaledgeofthesourcecontact
resultsinchargecarieremissionfromthatedgedirectlyintotheverticalchannel.As
thisinjectionpathisdifﬁculttocontrolwiththegateﬁeld(theedgeofthesourcebeing
inlinewiththegateﬁeldratherthanperpendiculartoit),itproducesaconsiderably
higherOf-statecurentthandeviceswithasourceedgecoveredbythesourceinsulator,
whilealonginsulatoroverlapensureslowOf-statecurentsandthusagoodOn/Of
ratio.ExaminingthesaturationregimeoftheVOFETinthetransfercharacteristics,where
|VDS|>|VGS−Vth|,atypeofshoulderformationisfoundforbothofthedeviceswith
aninsulatoroverlapwhichhassofarnotbeenobservedinexperiments.Byextracting
lateralchargecarierdensityandelectricpotentialproﬁlesinsidetheverticalchannelata
2Onemightenforcethelateralsaturationofthechannelregionbyapplyingsufﬁcientlyhighgatevoltages,
providedthatthegatedielectrichasasufﬁcientlyhighbreakthroughpoint.
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Figure6.9.:ElectrondensitiesforsimulatedVOFETswithdiferentsourceinsulatorgeo-
metries:(a)theoriginaldesignwithanextendedinsulatoroverlap(asshown
alreadyinﬁgure6.5),(b)ashortinsulatoroverlapof50nmand(c)noinsulator
overlap.Theappliedsource-gatevoltageisindicatedatthetopofeachcolumn
ofplotsandtheappliedsource-drainvoltageis1.0Vforaldevices.Thecolour
schemeisthesameasinﬁgure6.5.
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height of 90 nm from the botom edge of the simulated area, i.e. 15 nm above the source
electrode3, one is able to observe the origins of this shoulder formation in more detail.
At lowVGS, the charge carier density is high in the direct vicinity of the source insulator
edge, but drops rapidly with increasing lateral distance from this edge. The same holds
true for the electric potential. As the gate voltage is increased gradualy to 0.5 V, the carier
density rises particularly strongly at the source insulator edge and only slowly in the rest of
the channel, again, this behaviour is mirored by the electric potential, suggesting a slight
shielding of the gate potential near the source edge due to the accumulation of charge
cariers. Litle beyondVGS= 0.5 V, a saturation carier density ofn= 1016cm-3is reached
at the edge of the source insulator. This saturation point then begins to spread through
the entire vertical channel as the gate voltage is increased further towards the linear
regime. At this stage, the shielding of the gate potential by charges in the accumulation
layer becomes a dominant efect. It is the transition between the two regimes which
produces the observed shoulder formation in the gate sweep. Evidently therefore,IDin
the regime|VDS|>|VGS−Vth|depends mostly on the strength of the source-drain ﬁeld,
i.e. the appliedVDS, as wel as the amount of charges injected into the vertical channel.
Insu-
lator 
(a) (b) 
Insulator 
Figure 6.10.:Lateral charge carier density (a) and electric potential (b) proﬁles inside the
vertical channel of a VOFET with a smal insulator overlap at a positiony=
90 nm, i.e. 15 nm above the source contact. Blue lines indicate lowVGSand
red indicates highVGS.
One may note that also the region of|VDS|<|VGS−Vth|of the transfer characteristics
is afected by the geometry of the source insulator overlap. Comparing the images on
the right hand side of ﬁgure 6.9 reveals the reasons for this: The charge carier density
3For more extracted proﬁles see appendix B.
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atVGS=1.5Visalmostconstantovertheentirewidthoftheverticalchannel,indicating
thatthetotalvolumeofsemiconductoravailableforchargetransport-togetherwiththe
mobilityinthisvolume-isthelimitingfactor.IntheVOFETwithoutaninsulatoroverlap,
ahigherchargecarierdensityisfoundrightattheedgeofthesourcecontactdueto
injectionfromthisverticaledge.Thismoreconductiveregionresultsinasigniﬁcant
chargetransportpathdirectlyatthisedgeandthusalowsforahigherOn-statecurentin
comparisontodeviceswithacoveredsourceedge(seeﬁgure6.9(c).Forthetwodevices
wherethisverticalsourceedgeiscovereditmaybeobservedthatchargecariersbegin
todifuseintothesource-drainoverlapregionassoonastheyarenolongerhinderedby
thesourceinsulator’sverticaledge.Asisvisiblefromthecomparisonofﬁgure6.9(a)
and(b),thisdifusiontransportbeginsatalowerpositionforlongerinsulatoroverlapdue
toitssimulatedgeometry.Asaconsequence,thelateralextentoftheverticalchannel
isbroaderforthisdevicethanfortheoneshowninﬁgure6.9(b)andthusleadstoa
slightlyhigherOn-statecurentintheformerdevice.Thediference,however,isverysmal
evenfortheseidealdevices,ascanbeseeninﬁgure6.8.Areproductionofthisefect
inexperimentsisdifﬁcultduetothelessidealshapeofthesourceinsulatorsandthe
afore-mentioneddifﬁcultyincontrolingsaidshape.Itmustfurtherbeexpectedthatsuch
aweakefectwouldbeinvisibleincomparisontoe.g.trappingefectsduetovariationsin
samplecleanliness.
REVERSEBIAS
WhenthepositionsofthesourceanddrainelectrodesinsidetheVOFETstackareswapped,
i.e.thetopelectrodeisusedassourceandthemiddleelectrodeasdrain,asimilar
saturationtrendisobserved.Thisisdisplayedinﬁgure6.11fortheoriginalVOFETdesign
withalonginsulatoroverlap.Thecorespondingtransfercharacteristicsforthisdevice
aredisplayedinﬁgure6.12togetherwiththereversebiascharacteristicsofthedevice
withasmalinsulatoroverlap.Ascanbeobservedfromthelaterﬁgure,thetransfer
characteristicsinreversebiasconditionshownoshoulderformation,aschargecariersare
nowinjecteddirectlyintothebulkoftheverticalchannel,ratherthanforminganarow
channelaroundtheedgeofthesourceinsulator.Furthermore,thecharacteristicssaturate
atacurentdensitytwoordersofmagnitudelowerthanthatoftheoriginalconﬁguration.
Figure6.11(a)showsthatthislowersaturationcurentisduetoefectivetrappingof
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Figure6.11.:Electrondensityextractedfromthe WIASsimulationfortheVOFETgeo-
metrieswithshortandlonginsulatoroverlapatdiferentsource-gatebiases.
Thesourceanddrainelectrodeshavebeenswappedhere.Theapplied
source-drainvoltageis1.0V.
chargecariersatthesourceinsulatorsurface,fromwhichtheycannotmigrateintothe
verticalchannelviadifusion.Thisefecthasalsobeenobservedinrealdevices.Here,
however,thediferenceinOn-statecurentsislessthananorderofmagnitude(seeﬁgure
6.12(b),mostlikelyduetothefactthataccumulationatthesourceinsulatorsurfacewil
belesspronouncedintherealdevice,sincetheinsulatorhereis100nmthickandthe
source-drainﬁeldthusmuchweakerincomparisontothesimulation.Furthermore,the
smoothergeometryoftherealinsulatormayalowforlongerdifusionpathsbyatracting
cariersprimarilytothethinnerpartsoftheinsulatorlayerwhichareclosetothevertical
channel(seeﬁgure6.3(c).Leakagecurentsthroughpinholesinthesethinnerregions
alsohavetobeconsideredastherealSiO2layerisnotanidealinsulator.
ThissectionhasprovidedaconceptforthetheoreticalworkingmechanismoftheVOFET:
Themajorityofchargecariersisinjectedintothedeviceviathebotomsurfaceofthe
sourceelectrode.Thesechargecariersaccumulateatthegatedielectricinterfaceand
difusealongthisinterfaceinanaccumulationlayerofonlyafewnmthickness.For
|VDS|<|VGS−Vth|,thestronggateﬁeldaccumulatesmorecariersatthegatedielectric
interfacethancanbetransportedbytheverticalchannelunderthecomparativelyweak
drainbias.Here,theVOFETislimitedbythebulkmobilityoftheverticalchannelaswel
asitslateralextent.IntheVOFET’ssaturationregime,where|VDS|>|VGS−Vth|,the
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(a) (b) 
Figure6.12.:TransfercharacteristicsofsimulatedVOFETs(a)andarealpentaceneVOFET
(b)inforwardbias,i.e.withthesourceelectrodeinthemiddleofthestack,
andinreversebias,wherethesourceelectrodeisontopofthestack.For
(a),theappliedsource-drainvoltageis1.0V,for(b)itis-6V.
strongerdrainbiasproducesamoreefﬁcientdrifttransportandsotheverticalchannel
ischaracterisedasathinregionnearthesourceinsulator’sverticaledge,withahigh
chargecarierdensity.Inthisregime,IDmaybelimitedbyinjectionintothisvertical
channel,i.e.bythechargecariermobilityintheaccumulationlayernearthegatedielectric
interface.
6.2.THEVERTICALCHANNEL
Thesaturationefectinthetransfercharacteristicsofthesimulateddevicehassofar
notbeenobservedinexperiment.Itisquestionablethereforewhetherthisisamere
artefactofthesimulation,owingtothesmallateralextentofthegrid,orwhetherthis
regimemightindeedbereachedalsoinarealdeviceforsufﬁcientlyhighgatevoltages
(thisalsodependsonthebreakthroughvoltageofthegatedielectric).Inanycase,it
seemsnecessarytocomparetheverticalchannelformationinthesimulationtothesame
processintherealdeviceinordertoverifythecorectnessofthesimulationandtogeta
ﬁrstideaofhowbroadtherealverticalchannelmaybe.Thislaterpointinparticularis
importantforfuturecircuitimplementationasitputsalowerlimittothelateralsizeofthe
VOFETandthustotheachievableintegrationdensityofthistechnology.
Inaseriesofpapers,Fischeretal.discussedJouleheatingefectsinorganicdevices
[284–286]anddemonstratedthatthermalimagingcanbeusedtovisualisecurentﬂowin
organicsemiconductorsunderself-heatingconditions[284].However,theworkofFischer
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etal.suggeststhathighcurentdensitiesoftheorder104mA/cm2arerequiredinorder
toreachtheself-heatingregimeinorganiclayerswithathicknessof100nmorless.In
theVOFETlayoutshownintable4.5,thedrainelectrodeis100µmwideandthedistance
betweentwosourcecontactsis50µm.Assumingthatindeedthisentireareaisusedto
transportcurent,thisgivesacurentdensityontheorderof10mA/cm2to100mA/cm2,
whichisexpectedtobeinsufﬁcientforthermalimagingviaself-heating.Abrieftestwith
theinfraredcamerasetupusedbyFischeretal.conﬁrmedthisassumption.
AnalternativeapproachtovisualisingtheverticalchannelformationintherealVOFET
hasbeenpresentedbyNakamuraetal.[228,229]:Theintegrationoflight-emitinglayers
intotheverticalchannelregionproducesaverticalorganiclight-emitingtransistor(VOLET,
seeﬁgure6.13(a) whoseemissionzone-intheidealcase-shouldbelimitedtothat
areaofthedeviceinwhichtheverticalchannelforms.Indeed,intheirﬁrstpublication,
Nakamuraetal.reportedthattheemissionzoneoftheirtransistorswaslimitedtothe
vicinityofthesourcecontacts,suchthatdarkstripescouldbeseenbetweentheindividual
sourcecontacts,whichwereapproximately200µmapart[228].Ratherthaninvestigating
thisefectfurther,however,Nakamuraetal.optimisedthedevicetowardswideemission
zonessoastodemonstratealight-emitingtransistorsuitablefordisplayandlighting
applicationswithoutintermediatemetalcontacts.Thebasicconcept,however,maybe
usedtocomparetheverticalchannelformationinthesimulationtothesameprocess
inarealdevice,asthesizeoftheemissionzoneandtheintensityofemitedlightcan
directlybecorelatedtothelateralsizeoftheverticalchannelaswelasthechargecarier
densityinsideitforagivenbiascondition.Forthispurpose,theexactstructurepublished
byNakamuraetal.islesssuitableduetoitsrelianceonbotomemissionthroughseveral
organiclayersandatransparent,yetthickgateelectrodeandsubstrate.Incontrast,light
emitedthroughthetopofthatsameVOLETarchitecturewouldpassonlythroughthe
emissionlayerandtopelectrodeandisthusexpectedtobescateredless,afordinga
higherlateralresolutionforvisualisingtheverticalchannel.Forsuchtopemission,athin,
transparentdrainelectrodeisrequiredwhichprovidesgoodelectricalconductivityand
therightworkfunctionforelectroninjectionintotheunderlyingorganiclayers.Forsuch
purposes,Schubertetal.reportexcelentperformanceofCa:Agandn-C60electrodesfor
organicsolarcels[287,288].Comparableperformancehasalsobeenreachedwitha
thinAgelectrode,whereaclosedAgﬁlmofonly9nmthicknesswasformedontopof
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organics using 3 nm Au as a seed layer [289]. Replacing the VOFET drain electrode by this
transparent Ag electrode and exchanging the pentacene layer in the vertical channel for
the combination ofα-NPD and Alq3reported by Nakamura (see ﬁgure 6.13 (b), however,
does not lead to the desired light emission, although the electrical characteristics of such
a VOLET remain comparable to those of a pentacene VOFET.
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The authors report the characteristics of novel metal-insulator-semiconductor-type organic
light-emiting transistorsMIS-OLETs. The drain curent and luminescent intensity of the
MIS-OLET can be controled by changing hole injection cariers by applying a gate bias voltage. In
addition, the high performance400 cd/ m2atVD=−8Vof MIS-OLETs fabricated on a plasticsubstrate as wel as on a glass substrate is demonstrated and described. ©2006 American Institute
of Physics.DOI:10.1063/1.2347152
In recent years, progress in organic transistors has been
remarkable1,2and there are many reports on active matrix
organic light-emiting diodeOLED displays using organic
transistors.3–6Furthermore, various types of self-radiation of
organic light-emiting transistors OLETs have been
reported.7–14OLETs are expected not only to achieve a sim-
pliﬁed organic active matrix display but also increased aper-
ture ratios in pixels, lowered power consumption, etc. As
driving elements, lateral-e.g., ﬁeld efect transistorFET
and vertical-e.g., static induction transistor type organic
transistors have been proposed,4–17and both have advantages
and disadvantages. For example, vertical-type OLETs using
an organic static induction transistor have relatively high cur-
rents and high speeds with low operational voltages, but the
fabrication of a ﬁne gate structure is necessary to achieve a
high on/of ratio. On the other hand, lateral-type OLETs us-
ing a standard FET structure show high drive voltage due to
a relatively long channel length, low luminance efﬁciency,
smal aperture ratio, etc. From these points of view, it is
important to employ a suitable device structure for high-
performance displays. In this leter, we demonstrate a high-
performance metal-insulator-semiconductor-type organic
light-emiting transistorMIS-OLET fabricated by an easy
process.
The schematic structure of the MIS-OLET used in this
study is shown in Fig. 1a. The MIS-OLET has a simple
structure with an OLED stacked on typical top-contact-type
organic transistors, and the cathode of the OLED acts as the
drain electrode. An insulating layer on the source electrodes
is employed to difuse the hole cariers efﬁciently to the
emiting layer through the semiconductor layer. The carier
ﬂow pass is important to increase the gate modulation of the
MIS-FET. The devices were fabricated on indium tin oxide
ITO; 20 / sq sheet resistancepaterned glass substrate and
the ITO works as the gate electrode. Polyhydroxy styrene-
based positive photoresistTMR-P10 from Tokyo Ohka Ko-
gyowas used for the gate-insulating layer. Pentacene was
obtained from Tokyo Kasei Kogyo, andN,N-diphenyl-
N,N-bis1-naphthyl-1,1biphenyl-4 , 4diamine -NPD
and tris8-hydroxyquinolatoaluminum Alq3 were pur-
chased from Nippon Steel Chemical. The photoresist was
spin coated onto the ITO substrates. Prebaking at 140 ° C for
5 min and postbaking at 200 ° C for 10 min were performed.
The photoresist ﬁlm, which works as the gate-insulating
layer, had a thickness of 300 nm and a relative permitivity
of 3.0at 1 kHz. A 50 nm thick pentacene layer was then
thermaly evaporated at 0.1 nm/ s. As the source electrode,
gold was then evaporated through a striped-type shadow
mask. An insulating layer of silicon dioxide SiO2 was
evporated through thesamshadow mask. The thicknesses
of gold and SiO2were 30 and 100 nm, respectively. Next,similar to the fabrication of OLEDs, the hole transporting
layer-NPD50 nmand the emiting/electron transportin
material Alq3 60nmwere evaporated  0.2 nm/ s.Finaly,LiF 1 nm and Al80 nm were evaporated to form the
aElectronic mail: nakamura@restaf.chiba-u.jp
FIG. 1. aSchematic structure of the MIS-OLETs.bA photograph of the
fabricated device. The device size is 2 2 mm2. Both the linewidth and
spacing of the source electrodes are 100 m.
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Figure 6.13.:(a) Shemaicreprsentation of theoriginal VOLET design by Nakamuraet
al., reprintd fromref.[28] withpermissio fromAIP Publishing, and (b) the
modiﬁed structure for top emission through a transparent drain electrode.
Here, the acronyms HTL, ETL and EML stand for hole transport layer, electron
transport layer andemission layer.
As discussed in more detail in the master thesis of Michael Sawatzki [275], the reasons
for the lack of light emission are twofold: For one, the Au seed layer provides a workfunction
mismatch with the underlying Alq3, thus making the OLED stack less efﬁcient. Secondly,
electron microscopy on the proposed stack revealed a partial contact of the drain electrode
to the botom pentacene layer due to a fold-up of the source insulator edge during lift-of
(observed both for sputered SiO2and particularly strongly for ALD-deposited Al2O3).
As a noticeable injection barier must be assumed between pentacene andα-NPD, it is
reasonable to assume that the entire OLED stack was bypassed during charge carier
transport through the VOLET (see ﬁgure 6.14). The replacement of the oxide source
insulator by the insulating polymer OSCoR 4000 (see chapter 5) resolves the later issue,
while a suitable electron-injecting, transparent drain electrode was obtained through
combining a 5 nm seed layer of Al with 15 nm Ag (see chapter 5 of ref. [275] for details).
Through separate optimisation of the OLED with regards to maximum light intensity and
spatial resolution (see chapter 5 of ref. [275] for details), the VOLET stack shown in ﬁgure
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(a) Detailed image of the lithography anomaly oc-
curing at the edge of a ALD-processed source
insulator and causing short circuits: The part of
the oxide that reaches away from the surface
due to the lithography is similarly covered with
the organic material on the left side, as it is on
the rest of the sample. On the other side, how-
ever, the layer is much thinner, or not there at al.
The evaporated metal (bright white stripe) has
the same thickness on both sides and reaches
completely down to the botom on the right side.
Thus, it seems likely that there lies the origin of
the bypass between the botom semiconductor
and the top electrode.
(b) Detailed image of the same position as the left
image in a polymer transistor: The end of the
electrode is severalµm away from the beginning
of the channel. This means this device has a
large insulator overlap. The end of the insulator
is smooth and no signs of short circuit causing
spikes can be seen.
Figure 5.19: SEM images of the edges of the source electrodes of VOLETs with ALD-
processed Al2O3and ﬂuorinated polymer OSCOR4000: Picture is taken at across section made with FIB.
5.1.5 SOURCE INSULATOR OVERLAP VARIATION USING A FLUORINATED POLYMER
The use of a polymer as source insulator brings several advantages that may compensate its
usualy lower breakthrough strength. Beside the feature of preventing problems regarding the
usage of oxides with ﬂuorinated photo-lithography, it is conceivable to make al-organic vertical
transistors. One further point is the option of varying the source insulator overlap, because it
no longer depends on the lithography step that forms the source electrode. This can be done
by not taking the same mask for the polymer as for the electrode, but a slightly larger one,
or by overexposing. The light wil be scatered into the region not covered by the mask and
thereby gradualy expose it. The later approach has been tested in this thesis. To examine
the inﬂuence of overexposure, several test-exposures have been performed with increasing
exposure time. The timing of the sample for which the aspect ratio of the mask features
coresponds to that of the mask has been taken as zero, or optimal exposure time. This is
a parameter that depends on the layer thickness of the polymer and the development times.
A sample prepared with a solution of OSCOR4000, diluted in a 1:1 ratio and exposed with
the ideal time of 5.2 s, can be seen in ﬁgure 5.20a and shows sharp edges and wel-deﬁned
structures. An extreme overexposure, however, can lead to merging of structure features and
frayed edges, which can be seen in ﬁgure 5.20b. This sets a maximum for the overexposure
time. How much increase in size a certain amount of overexposure wil cause is depicted in
ﬁgure 5.20c. Although it proves the possibility to inﬂuence the feature size via overexposure,
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Pentacene
fluoro-resist
photo-resist
gold
(a) Second to last step of double
resist photo-lithography pro-
cedure, as described in sec-
tion 3.1.3: The photo-resist is
already exposed, both layers
are developed and the gold
(bright blue) is evaporated on
top.
substrate
Pentacene
fluoro-resist
photo-resist
gold
Al2O3
(b) The insulator - in this case alu-
minium oxide - got added to
the sample; due to the om-
nidirectional growth, even the
botom part of the undercut is
covered with material.
substrate
Pentacene
(c) After the lift-of al the mate-
rial is gone that was on top of
the photo resin, this excludes
the region where the material
is intended to be. However,
the oxide unerneath theun-
dercut stays s wel.
Figure 5.17: Ilustration of the last three steps of double resist photo-lithgraphy fo oxide
structuring, to provide an explanation for the occurence of the edge anomalies
proﬁle has been taken at one of the smaler peaks in the mountain structur, whichmeans
that at some places these structures stretch more than 1µm above the botom Pentacene
layer. This might explain the encountered short circuits, since a sharp peak in thµm range
can easily cause problems for layers of merely a few hundred nm ([76] and [77]).
To solve this problem, OLED devices have been built for which the botom electrode has been
structured lithographicaly as wel. One type of device has been made using positive, single
resist lift-of photo-lithography, as described in chapter 3.1.3. This method features no under-
cut, which results in an incomplete lift-of at the edge, and therefore a similar structure as can
be seen in ﬁgure 5.16a. Al devices that have been prepared like this showed bypasses. On
the other hand, devices built with a double layer resist lift-of procedure worked wel and the
AFM image of such a device (ﬁgure 5.16b) does not show any sharp edges. Thus, a clear
connection between the occurence of lithography-induced edge anomalies and short circuits
in thin layer devices has been found.
A possible explanation for the development of this efect is ilustratedi ﬁgure5.17. In the
ﬁrst step, the gold of the source contact gets evaporated through the lithograhicalyfabr-
cated shadow mask and forms the source contact. Because thermal evaporation is beam-lik,
the lithography resins are not covered from the botom side. In the nxt stp, the xid are
deposited onto the sample via sputering or ALD. The sputered oxides getsfurther into the
channel, due to the geometry of the chamber. Because ALD is an omnidirectional method,
it should cover the whole surface of the sample - this includes the areas left open by the
undercut. During the lift-of, the resin is dissolved, taking with it the residual gold and the
oxide covering it. However, the material which is not on top of the resist, especialy the one
beneath it, wil stay. It might also be that the polymer directly at the edge is staying, because
of out-baking due to high temperature or chemical impairment by the plasma.Acording to
[64], another possibility is that the precursor is migrating into the photo- sist during theALD
procedure and then forming conglomerates of oxide inside it.
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substrate
Pentacene
fluoro-resist
photo-resist
gold
(a) Second to last step of double
resist photo-lithography pro-
cedure, as described in sec-
tion 3.1.3: The photo-resist is
already exposed, both layers
are developed and the gold
(bright blue) is evaporated on
top.
substrate
Pentacene
fluoro-resist
photo-resist
gold
Al2O3
(b) The insulator - in this case alu-
minium oxide - go added o
the sample; de to the m-
nidirectional growth, even the
botom part of the undercut is
covered with material.
substrate
Pentacene
(c) After the lift-of al the mate-
rial is gone that was n top of
thephoto resn, thisexcludes
the region where the material
is intended to be. However,
the oxide underneath the un-
drcut staysas wel.
Figure 5.17: Ilustration of the last three teps of double rsist phoo-lithography for oxide
structuring, to provide an explanation fr the occurence th dge anomalies
proﬁle has been taken at one of the smaler eaks n the mountain tucture,which means
that at some places these strutres stretch moretha 1µ above heboom Pentcene
layer. This might explain the encountredshotcircuits, sinc a sharp pek in theµm rang
can easily cause problems for layersf merely af w hundrednm([76] and[77]).
To solve this problem, OLED deviceshave been builtfor which the botom electrode has been
structured lithographicaly as wel. One type of dvice has been madeusin ositve, singl
resist lift-of photo-lithography, asdescribdin chapter 3.1.3. This method features no under-
cut, which results in an incomplete lift-of at the edge,and refor a similar structure ascan
be seen in ﬁgure 5.16a. Al devicesthat hav beenprepared likthis showd bypsses. On
the other hand, devices built with a ouble layer resist lit-ofproced e wrked wel and the
AFM image of such a device (ﬁgur 5.16b) does otshow any sharpedges. Thus, a clear
connection between the occurence of lithgrapy-inducededge anomalies and short circis
in thin layer devices has been found.
A possible explanation for the development of this efect isilustratedin ﬁgure 5.17. Inthe
ﬁrst step, the gold of the source contactgets evaporaed through the lithographicaly fabri-
cated shadow mask and forms the source contact. Because r l vporation is beam-like,
the lithography resins are not coverd from the boto side. In th nex ste, the oxd are
deposited onto the sample via sputering or ALD.The sputered oxids gets further into th
channel, due to the geometry of thechamber. BecauseALDis an omnidiectional method,
it should cover the whole surface of th sampl -this includes th rasleft ope by the
undercut. During the lift-of, the resin is dissolved, taking with it the residual gold and the
oxide covering it. However, the material which is not on top of the resist, especialy the one
beneath it, wil stay. It might also be that the polymer directly at the edge is staying, because
of out-baking due to high temperature or chemical impairment by the plasma. According to
[64], another possibility is that the precursor is migrating into the photo-resist during the ALD
procedure and then forming conglomerates of oxide inside it.
5.1 Source Insulator 81
(a) (b) 
Figure6.14.:(a)Schematicrepresentationofheformtion vertcalinsuatr dgeafter
stlit-ofd toALDprocssin.(b)SEM mageofthfolded-up
deofaVOFETsouceinsulator.Figuresweretakenfromref.[275].
6.15wasﬁnalydeterminedtobthebesttrade-fbt eengodelectricalprformance,
highspatialresolutionintheverticalchannelandsufﬁcientlightin nsiyfori agig.
Light missionfomthisstackwasobtainedbybiasingitunderthesameconditions
as taldinchaptr4,withligtinensitymeasurementstiferentbiascndiions
obtainedbyahigh-resolutionmicroscope-videosystem(seechapter3ofref.[275]for
details).Fgur 6.16showshemasuredlightntensitydistributionbetweenthetwo
ourcecontctsoftheVOLET(spaced100µmapart)as functionofgat addrainbas.
Inthesemeasurement,onlyonesourcecontacti gronded,whiletheotheriskept
ﬂoating,soastobe bleoob rvth veric ch nelf maionrginaingfrom nly
onesourcecontact.
Theoba eddataclarlycomparesqualiativelytothesimultiondatashowninthe
previoussection.For|VDS|>|VGS−Vth|,theemissionzone,andthustheverticalchannel,
isconﬁnedtothevicinityofthesouceedg,withlighintesiyadthuschrgecarier
densitydroppingrapidlytowardsthebulkofthesemiconductor. Asthegatebiasis
increasedtoapproachtheregime|VDS|<|VGS−Vth|,th emissonzonebradensconsid-
ablyandalmost pproachsthe dgeoftheﬂoatingsourc c tact4.Fthermor,a
4ThebrakhoughﬁeldofAl2O3isoftenquoedtobintherangeof4MV/cm,givingabreakdownvoltage
somewhereintherangeof10Vto15Vforthegatedielectricsusedhere.SinceVthishighduetothe
addtionalenergybariersithevricalchannelandhighcurentsandthushighVDSisrequiredtoobtain
sufﬁcientlightemissionforimaging,acualydrivingtheVOLETfulyintotheregime|VGS−Vth|>|VDS|is
difﬁcultandwasavoidedheresoasnottodamagethesamples.
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(a) (b) 
p-doped silicon
Pentacene(25nm)
Au 30nm
Al+Ag(5+15nm)
Al2O3(35nm)
Spiro-TTB
(:F6TCNNQ)50-100nm
oscor4k 240nm
Alq3:DCM(10nm)
Alq3(0-50nm)
Figure 5.43: Standard stack of VOLETs for thickness variation inﬂuence tests (Due to technical
reasons, some samples had to be built on 300 nm SiO2instead of the 35 nmAl2O3. Apart from the gate voltage range applied to the samples, this should nothave any further inﬂuence.)
as described earlier in this thesis. The main goal was to ﬁnd evidence for or against the
working mechanism that has been derived from the WIAS simulations. To do so, the light
emission from the devices has been measured under diferent conditions; gate biases, drain
voltages and stack compositions. Al devices folow the stack scheme shown in ﬁgure 5.43.
Origin of light emission Al samples built with the polymer as source insulator that showed
reasonable electrical transistor behaviour also emited light, although in a wide range of bright-
ness and local distribution. To prove that this light emission is caused by the drain curent of
the transistor part of the device, and not some kind of leakage curent, samples with an ex-
treme occurence of the two possible leakage sources, the drain and gate insulator, are shown
in ﬁgure 5.44. The ﬁrst graph is the transfer characteristic of a transistor, whose drain curent
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(a) Gate and drain curent of a de-
vice with a defect gate insula-
tor: The curent is dominated
by the gate leakage curent
and the device is showing no
light emission.
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(b) Drain curent of a device with
a misaligned source insula-
tor: The curent is indepen-
dent from the gate voltage
and two orders of magnitude
higher than usual.
(c) Images of the devices mea-
sured in b: The light emission
for al gate voltages is practi-
caly identical.
Figure 5.44: Measurements and images of not properly working samples, to prove the origin
of light emission
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(a) Images of a VOLET at diferent gate voltages:
The one-coloured orange L-shaped area is the
light emission directly from the channel. The
multicoloured streaky light emission originates
from the wave guiding of emited light in the
polymer, where the various colours and the
stripesoriginatfrom the uneven surface of the
material.
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(b) Light intensity distribution for a sample with and
without wave guiding in the polymer, built ac-
cording to the stack 5.43 with 100 nm Spiro–
TTB, doped with 4wt% F6−TCNNQ and 25 nmof Alq3on top of the emission layer as ETL: Thesamples are in every other regards nearly iden-
ticala. The sample with the wave guide phe-
nomenon shows its peak in intensity outside of
the channel. The overal output of light is iden-
tical for both samples within the measurement
accuracy.
aA diference in the layer thickness must be present,
otherwise the diferent behaviour regarding the wave
guiding cannot be explained.
Figure 5.57: Phenomenon of light wave guiding in the polymer used as source insulator
and without this efect. The light emission is spread over a much greater distance. The
peak of the emission is inside the polymer and the overal amount of light is not changed
measurably. This leads to a problem for the analysis, because samples with this phenomenon
cannot be compared with others easily. However, it ofers the possibility of a much beter
light distribution in an actual light emiting device, if the channel is not large enough by itself.
5.3.5 VOLET POWER CONVERSION EFFICIENCY
To measure the xact efﬁciency of the light emission of the VOLETs, measurements of the
spectra ofthedevces would be necessary. This is unfortunately not possible with the setup
up to now. A further major problem is that because of the geometric relation between the
source and the drain, the overlap of the two electrodes is not just a straight line, but a U-shape.
This means that at the wings of each electrode are areas that alow curent transport and emit
ight, but ar not wel-deﬁned and difﬁcult to characterise. In addition, the thickness of the
individual layers is decreasing towards the edges of the drain electrode, due to the shadow
mask evaporation. The curent and light emission is much higher at these places, due to the
much stronger electric ﬁeld. Using the light intensity calibration of the camera, explained in
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Figure6.15.:(a)OptimisedVOLETstackasproposedbyMichaelSawatzkiand(b)light
emissionobtainedfromthisstackasafuncionof a voltage.Thtop
sectionofthisimageshowstheVOLETwithoutcurentﬂowunderexernal
is dominated by the gate curent, and is thus one to two orders of magnitude higher than in
a similar, proper sample. Since this device did not show any light emission, it seems evident
that the light emission of the other devices cannot be caused by gate curent alone. In the
ﬁgure 5.44b, the drain curent of a device with a misaligned source insulator is shown. As can
be seen, the output curent is independent from the gate voltage and the device is therefore
not a transistor. The light output, shown in ﬁgure 5.44c, is the same for al gate biases as
wel, and depends only on the drain-source voltage, like a simple OLED would. Therefore, the
light emission of the working VOLETs cannot be caused by simple source insulator leakage,
since it is controlable via gate bias.
Inﬂuence of h gate bias on the channel depth A series of deviceshas been built to
examine the inﬂuence of the individual layers in the OLED stack on thecharge transport
of a vertical transistor. The light output at diferent bias conditions was similar in shape and
behaviour for al devices. As an example the data for a device with 100 nm undoped Spiro–TTB
and 25 n  Alq3inthe upper stack is howninﬁgure5.45.To be ble tocomparethe shape
o t curves wth ach other, a normali  graphis iven for ch of he measurements in
ﬁgure 5.46. The raw data for the other device wilnobe prese d, but rathrte results
of eanalysis.
As can be seen from al measurements, the light output depends strongly n theappled gate
voltage, partialy in intensiy, but ainly shape and size. Therefore, overal missin
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Figure 5.45: Light emission at diferent gate-source and drain-source voltages from a VOLET
built accordng o the stack5.43with100 mSpiro–TTB and25 nm Alq3, theinsulator has been procssed with an overexposure time of1.8 s
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  20  40  60  80  100
lig
ht i
nte
nsi
ty 
in 
arb
.u.
distance to source in µm
0V
-1V-2V-3V-4V-5V-6V-7V
(a)VDS=−8V
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  20  40  60  80  100
lig
ht i
nte
nsi
ty 
in 
arb
.u.
distance to source in µm
0V
-1V-2V-3V-4V-5V-6V-7V
(b)VDS=−10 V
 0
 0.2
0.4
 0.6
 0.8
 1
 0  20  40  60  80  100
lig
ht i
nte
nsi
ty 
in 
arb
.u.
distance to source in µm
0V
-1V-2V-3V-4V-5V-6V-7V
(c)VDS=−12 V
Figure 5.46: Normalised light emission at diferent gate-source and drain-source voltages from
a VOLET built according to the stack 5.43 with 100 nm Spiro–TTB and 25 nm Alq3,the insulator has been processed with an overexposure time of 1.8 s
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VDS = -8V VDS = -10V 
VDS = -12V 
is ominatd bythe gaecuren, and is thus one to tw orders of magnitude higher than in
a similar, pro rsample. Since this evice did not showany light emision, it se ms evident
thathe light emission of th otherdevices cannot be causedby gae cur nt alone. In the
ﬁgure 5.44b,the drain cur nt ofa device with a mialignd ourcenulator isshow. As can
be seen, the output cur nt is independent fromthe gate volag and thedevic is therefore
ot a transistor. The light output, shown in ﬁgure5.44c, is the s me foral gate biases as
wl, anddepends only o the drain-sourcevoltge, lik a simple OLED would. Therfore, the
light emission f theworkingVOLETs cannot be caused by simple ourceinsultr lakage,
ince it is controlbl v gate bias.
Inﬂuene of the gatebias on th channel depth A series ofdevics has been built to
exam e the inﬂuence of the individual layrs in the OLED sack on the charge ransport
ofa vertcal transistor. The light output adferent bas conditions was similar in shape and
behaviour for aldevices. As anexamplethe data fora devicewith 100 nmundpedSpiro–TTB
and25nm Alq3ithe upper ckisshownin ﬁgure5.45. To be abl tocompare the shape
of the curvs wi ahother, a normlsedgrphis givenfr each of th asurements in
ﬁgure 5.46.Therawdata for h othedevces wil t be presented, bu rather he results
oft analysis.
A ca be seenfrom al aur ments,the light outputdepedsstrogly onh pplid gate
vo ge, partialyn intensity, but mainly in shap and size. Therefr, the overal emission
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Figure 5.45: Lght emission adifrent gate-souce and drain-sourcevltages from a VOLET
built according ot stack5.43 with 100 nmSpir–TTBand 25nm Alq3, theinsulator has benprocessed ithanovrexposuretime of 1.8 s
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Figure 5.46: Normalised lightemission adifrent gate-souce and drain-sourcevltages from
a VOLET bult according to the stack 5.43with 100 nm Spiro–TTB and 25 nm Alq3,theinsulator has ben processed with an overexposuretime of 1.8 s
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is dominated by the gate curent, and is thus one to two orders of magnitude higher than in
a similar, proper sample. Since this device did not show any light emission, it seems evident
that the light emission of the other devices cannot be caused by gate curent alone. In the
ﬁgure 5.44b, the drain curent of a device with a misaligne source isulator is shown. As can
be seen, the output curent is independent from the gate voltage and the device is therefore
not a transistor. The light output, show inﬁgure5.44c, is th me for al gatebiasesas
wel, and depends only on the drain-source voltage, like a simple OLED would. Therefore,the
light emission of the working VOLETs c not b casd by simple source insulatorleakage,
since it is controlable via gate bias.
Inﬂuence of the gate bias on the channl depth Aserisof devicshas ben bult to
examine the inﬂuence of the individual layers in the OLED stack on the charge transport
of a vertical transistor. The light utpuat dferent bia condions wassimilar  shape and
behaviour for al devices. As an ex mp hedta f a device with 100 nm undoped Spio–TTB
and 25 nm Alq3in the upper stack is shown in ﬁgure 5.45. To be able to compare theshape
of the curves with each othe, a normalised graphi gvn foreahofthemesurements in
ﬁgure 5.46. The raw data for the other devices wil notbe presented, but rather the results
of the analysis.
As can be seen from al measurements, the light output depends strongly on th ppliedgat
voltage, partialy in intensity, but mainly in shape a  siz.Threfre, the overal emissin
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Figure 5.45: Light emission at diferent gate-source and drain-source voltages from a VOLET
built according to the stack 5.43 with100 nmSpiro–TTB and 25 nmAlq3, theinsulator has been processed with an overexposure time of 1.8 s
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Figure 5.46: Normalised light emission at diferent gate-source and drain-source voltages from
a VOLET built according to the stack 5.43 with 100 nm Spiro–TTB and 25 nm Alq3,the insulator has been processed with an overexposure time of 1.8 s
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ilumintion.Fguretakenfromref.[275].
Figure6.16.:Lightintensitydistributioninhe OLETasafunctionofgatebiasfordiferent
drainvoltages.Figuretakenfromref.[275].
158 6.ChargeTransportintheVOFET
plateauofconstantlightintensity/chargecarierdensitybeginstoforminamannersimilar
tothatobservedinthesimulation.Thisbroadeningefectisaidedfurtherbytheinjection
barierbetweentheholeaccumulationlayerinthepentaceneandtheSpiro-TTBacting
asholetransportlayerfortheOLEDstack.Reducingthisinjectionbarierbyp-doping
theSpiro-TTBwithF6-TCNNQconsequentlycausestheformationofanoveralnarower
channelunderthesamebiasconditions(seeﬁgure6.17(a).Equaly,anincreaseofthe
layerthicknessofAlq3leadstoabroadeningoftheemissionzoneduetotheefectively
loweredsource-drainﬁeld(seeﬁgure6.17(b)andthestrongeraccumulationofholesat
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(a) Absolute light intensity: The peak intensity is
much higher for the thick doped samples in com-
parison to the undoped thick sample. It de-
creases again for the thinner doped sample; the
doping seems to improve the efﬁciency of the
device, where the decrease in HTL thickness is
lowering it.
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(b) Normalised light intensity: The doping of the
Spiro–TTB is lowering the channel depth sub-
stantialy, presumable due to beter hole injec-
tion into the emission zone. The decrease in
layer thickness is decreasing the channel depth
further, which might come from the higher elec-
tric ﬁeld.
Figure 5.53: Light emission atVGS=−6 V andVDS=−10 V from a VOLET built after the stack
5.43 with 25 nm of Alq3on top of the emission layer as ETL and a varying thick-ness of Spiro–TTB, doped (4wt% of F6−TCNNQ) and undoped, the insulator hasbeen made with an overexposure time of 1.8 s
of Alq3. Additionaly, to test the inﬂuence of doping of the Spiro–TTB three samples with
25 nm Alq3have been built. One of them had 100 nm undoped Spiro–TTB and the other two
100 nm or 50 nm Spiro–TTB doped with 4wt% F6−TCNNQ. The comparison between these
devices is depicted in ﬁgure 5.52 and 5.53. As can be seen, the thicker hole layer decreases
the overal light output. This is not surprising, since the thicker layers have decreased the
efﬁciencies in the OLEDs as wel, and due to the overal thicker stack, the electric ﬁeld is
lower. In the normalised graph, it can be seen that the depth of the channel is not changing in
the way it did for the ETL variation. It has a diferent, much more linear-like shape for the thick
sample. This is surprising, since a decrease of the Spiro–TTB layer thickness should make it
easier for the holes to reach the light emiting layer, and therefore reduce the charge carier
balance even further. A deeper channel should be the result. This efect might be partialy
weakened by the stronger electric ﬁeld, due to the thinner layer. However, it seems that the
processes at this interface are inﬂuenced by much more than the charge carier balance alone.
For example, an interplay with the second, ﬂoating source electrode could be possible, as wil
be discussed later. Nevertheless, it demonstrates that the heterojunction between the HTL
and the light emission layer has an inﬂuence on the channel’s curent density distribution.
The second experiment shows that the doping of the Spiro–TTB is dramaticaly decreasing the
channel depth, whereby the decrease of the doped layer to half the original thickness changes
the channel size only slightly. Via doping, the conductivity of the HTL is increased, which alows
the holes to move to the light emiting interface more quickly. However, decreasing the layer
thickness has the same efect, but seems less efective. This leads to the conclusion that
it is not the increased conductivity which decreases the channel size. Another efect which
should have the same efect and is inﬂuenced by doping is the injection of charge cariers
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for higher drain ﬁelds. An atempt to explain the proportionality of these dependencies wil be
given now: According to the IV characteristics, previously discussed in subsection 5.1.5, the
transistor is usualy not saturating in the examined voltage regime. Since the device is surely
switched on - otherwise the curent density needed for light emission would not have been
reached - the transistor has to be in a state similar to the linear regime. Although they wil
most likely not reproduce the exact absolute curent of a VOLET, the equations deduced for
the standard FET should stil give a good starting point for the voltage dependence of these
devices. The curent, taken from equation 2.23, is:
ID(UGS,UDS)∝(UGS−UTh)UDS−U
2DS
2. (5.3)
Since the light emission of the transistor is an indicator for the curent density at this position,
the total curent shoul be roughl proportional to the integral of the light emission over the
whole channel, multiplied with the width of the channel and some conversion coefﬁcient.
Because the shape of light emission can be represented by a exponential decay, for the
curent folows:
I∝
xend
0
Ae− xLef ∝−Lef e−
xendLef −e− 0Lef . (5.4)
Considering the light emission is zero at the end of the channel, this gives
I∝Lef, (5.5)
resulting in
Lef∝(UGS−UTh)UDS−U
2DS
2, (5.6)
and thus a linear dependence of the efective channel depth on the gate voltage. The terms
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(b) Normalised light intensity, although the peak in-
tensity is not lining up with the layer thickness,
the channel depth is, a thicker layer is causing a
shalower channel
Fig e 5.51: Light emission atVGS=−6 VandVDS=−10 V from a VOLET built according to
the stack 5.43 with 100 nm Spiro–TTB and varying thickness of Alq3on top of theemission layer as ETL, the insulator has been processed with an overexposure
timeof 1.8s
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(a) (b) 
theemissionlayerinterfaceincomparisontoelectronaccumulation.
Figure6.17.:(a)LightinensitydistributioninideVOLET with25 mAlq3andvrying
thicknssesof opedSiro-TTB.(b)Lightintnstydistributioninsid VOLETs
with100nmSpiro-TTBandvaryingthicknessesofAlq3.Theapplieddrain
andgatevoltagesareVDS=-10VandVGS=-6Vinbothcases.Figureswere
takenfromref.[275].
Somepeculiarfeturesofthisachitecturewrealsofoundandareilustratedinﬁgure
6.18:Theuseofatransparentpolymerassourceinsulatornexttotheverticaledgeofthe
emissionzonemayleadtolighttrappingandsubsequentwaveguidinginsidethispolymer
forcertainpolymelayerthicknesses(seeﬁgure6.18(a).Thisefectmightbeutilised
fordeviceapplicationsoftheVOLETsoastobroadentheemissionarea.Furthermore,
amisalignmentoftheindividualOLEDlayersmayleadtomulti-colouremission,asal
threl ersmayb excitedudercertinbiasconditions(se photogrphinﬁgure6.18
(b).Again,exploitingthisfactforapplicationscouldprovideanalternativetoseparate
RGBcolourOLEDsin MOLEDdispaysrsimilar.Thirdy,bykepingoneofthesource
contactsﬂoatingandincreasingthegatebiassufﬁciently,theformationofasecond,albeit
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weakerverticalchannelinthevicinityofthissecondsourcecontactwasobserved(see
ﬁgure6.18(b).Theoriginsofthislastefectarenotquiteclearyet,butmayalsobe
(a) Images of a VOLET at diferent gate voltages:
The one-coloured orange L-shaped area is the
light emission directly from the channel. The
multicoloured streaky light emission originates
from the wave guiding of emited light in the
polymer, where the various colours and the
stripes originate from the uneven surface of the
material.
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(b) Light intensity distribution for a sample with and
without wave guiding in the polymer, built ac-
cording to the stack 5.43 with 100 nm Spiro–
TTB, doped with 4wt% F6−TCNNQ and 25 nmof Alq3on top of the emission layer as ETL: Thesamples are in every other regards nearly iden-
ticala. The sample with the wave guide phe-
nomenon shows its peak in intensity outside of
the channel. The overal output of light is iden-
tical for both samples within the measurement
accuracy.
aA diference in the layer thickness must be present,
otherwise the diferent behaviour regarding the wave
guiding cannot be explained.
Figure 5.57: Phenomenon of light wave guiding in the polymer used as source insulator
and without this efect. The light emission is spread over a much greater distance. The
peak of the emission is inside the polymer and the overal amount of light is not changed
measurably. This leads to a problem for the analysis, because samples with this phenomenon
cannot be compared with others easily. However, it ofers the possibility of a much beter
light distribution in an actual light emiting device, if the channel is not large enough by itself.
5.3.5 VOLET POWER CONVERSION EFFICIENCY
To measure the exact efﬁciency of the light emission of the VOLETs, measurements of the
spectra of the devices would be necessary. This is unfortunately not possible with the setup
up to now. A further major problem is that because of the geometric relation between the
source and the drain, the overlap of the two electrodes is not just a straight line, but a U-shape.
This means that at the wings of each electrode are areas that alow curent transport and emit
light, but are not wel-deﬁned and difﬁcult to characterise. In addition, the thickness of the
individual layers is decreasing towards the edges of the drain electrode, due to the shadow
mask evaporation. The curent and light emission is much higher at these places, due to the
much stronger electric ﬁeld. Using the light intensity calibration of the camera, explained in
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(a) Images of a VOLET with a
very deep channel at difer-
ent gate voltages: The cur-
rent and light emission orig-
inate romt connected
ﬁrst source (S(c) in the bot-
tom of each slide. For a
high enough gate voltage, the
channel reaches the second
source on the other side,
which causes light emission
nextto thesecond, ﬂoating
source (S(f).
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(b) Ilstratio for the explanation
of the inﬂuence of the second
source: With a high enough
gate voltage the charge car-
ries wil each te second
ﬂoating source and migrate
into it. This wil charge the
metal electrode and ﬁx it to
a deﬁnite electric potential
other than that of the drain.
The potential diference be-
tween the second source and
the drain wil cause a curent
and ligh emission iilrly to
the ﬁrs, just wih a lower
source-drain vltage.
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(c) Dependence of the light
emission on the distance
to the second source in a
VOLET: The curves for the
250µm and 50µm case are
nearly identical. The smal
distance causes an alteration
of the light emission, a
faster decrease from the
ﬁrst source and an additional
smal peak near the second
appears.
Figur 5.56:Inﬂuence f ascond ﬂotingsource i thevicinity of the channel
s a surce with a lower source-dranvoltage andcau ight emission like the other one. The
idea is ilustratedin ﬁur 5.56b. Theoservedef t cannot be escribed by wave guiding
efects, since the light is of another colour and appears outside of the light-guiding polymer.
Th distribution has been measured for samples with diferent distances between the two
sources, which are apart from that identical. The result can be seen in ﬁgure 5.56c. The
graphs for the two large distances, for which the light has not reached the second source yet,
are identical within the measurement accuracy. However, the sample with the smalest size
has a diferent shape, faling faster than the other two, but showing a second very smal peak
near the second source.
Another interesting phenomenon that can be seen in ﬁgure 5.56a is that the light emission
occurs in three diferent colours. The blue light emission originates from the Spiro–TTB, the
red/orange one from the DCM, and the green one from pure Alq3. This arises from the shadow
mask evaporation, which leads to spots with unique material stacks, due to the diferent
positions of the individual materials inside the evaporation chamber. This shows the theoretical
possibility of creating multicoloured devices based on VOLETs via angled evaporation.
One more efect can be seen in ﬁgure 5.57a. It shows that the light emission from the
device is not coming solely from the channel region between the sources, but apparently
from the insulator material as wel. However, the reversibility of the efect and the good IV
characteristics exclude a breakdown of the insulator itself. The fact that this phenomenon is
just happening for a very distinct total layer thickness leads to the conclusion that the light
is trapped inside the polymer, wave-guided a fewµm and then released again. How this
afects the proﬁle of the light emission can be seen in ﬁgure 5.57b, comparing samples with
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(a) Images of a VOLET with a
very deep channel at difer-
ent gate voltages: The cur-
rent and light emission orig-
inates from the connected
ﬁrst source (S(c) in the bot-
tom of each slide. For a
high enough gate voltage, the
channel reaches the second
source on the other side,
which causes light emission
next to the second, ﬂoating
source (S(f).
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Figure 5.56: Inﬂuence of a second ﬂoating source in the vicinity of the channel
as a source with a lower source-drain voltage and cause light emission like the other one. The
idea is ilustrated in ﬁgure 5.56b. Th observed efectcnnot bedescribed by wav guiding
efects, since the light is of another colour adap ars outide of ligh-guiding polymer.
The distribution has been measured for samples with diferent distances between the two
sources, which are apart from that identical. The result can be seen in ﬁgure 5.56c. The
graphs for the two large distances, for which the light has not reached the second source yet,
are identical within the measurement accuracy. However, the ample with th smale size
has a diferent shape, faling faster than the r two, but show g ascond verys al peak
near the second source.
Another interesting phenomenon that can be seen in ﬁgure 5.56a is that the light emission
occurs in three diferent colours. The blulght emissionoriginates from e Spiro–TTB,th
red/orange one from the DCM, and te gren on frompu  Alq3.Thisaries fom the shdow
mask evaporation, which leads to spots with unique material stacks, due to the diferent
positions of the individual materials inside the evaporation chamber. This shows the theoretical
possibility of creating multicoloured devices based on VOLETs via angled evaporation.
One more efect can be seen in ﬁgure 5.57a. It shows that the light emission from the
device is not coming solely from the channel region between the sources, but apparently
from the insulator material as wel. However, the reversibility of the efect and the good IV
characteristics exclude a breakdown of the insulator itself. The fact that this phenomenon is
just happening for a very distinct total layer thickness leads to the conclusion that the light
is trapped inside the polymer, wave-guided a fewµm and then released again. How this
afects the proﬁle of the light emission can be seen in ﬁgure 5.57b, comparing samples with
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(a) Efective channel lengthLefextracted via a ﬁt to
the exponential decay in dependence of the gate
voltage for diferent overexposure times: Linear
ﬁts of the efective channel depth are added as
lines. From 1.8 s, to 3.8 s the behaviour is just
shifted along the voltage axis; for even higher
times the slope is decreased substantialy.
(b) Image of a switched on VOLET with an insulator
structured with an overexposure time of 6.8 s:
The edge is no longera straight line, but be-
comes ragged.
Figure 5.55: Inﬂuence of increasing overexposure on the channel size and insulator structuring
via a higher gate ﬁeld, so that the transistor switches on later. It is to be expected that the
dependence of the channel depth from the gate ﬁeld is idntical for the three devices, just
shifted along the voltage axis. As can be seen in ﬁgure 5.55a, this is indeed almost the case
for the transition from 1.8 s to 3.8 s, but not for the highest exposure time. The change in
slope, that has been observed in the simulations can be seen here as wel.
An additional problem that occured for the very long overexposure times, can be seen in
ﬁgure 5.55b. Due to smal dirt particles or imperfections of the mask itself, the overexposure
is not perfect and for very long exposures, the edge is no longer homogeneous but begins
tobe ragged. The overlap is no longer wel-deﬁned, whch cratesa problemfor analysis,
reproducibility, and comparability. This problem could be solved by using diferent-sizedmasks
for the source and its insulator.
5.3.4 SECOND FLOATING SOURCE ELECTRODE AND POLYMERWAVEGUIDE
This last subsection wil describe and discuss some peculiarities of the architecture of the
VOLETs. The ﬁrst can be seen in ﬁgure 5.56a, whic hows aVOLET with a very deep
channel under diferent bias conditions. It has already been h wn tat the light emission is
growing deeper into the channel with increasing gate voltag. Whn te channel is o deep
that it reaches the ﬂoating source22on the other side, its geometry is altered. The previously
notemiting area next to thesecond source stars tocrat light at a distnce tothe original
source, which cannot be explained with the simple balance of curent transport direction
model. An explanation might be that charge cariers which went very far into the channel are
gathering inside e second source instead f going directly upto the drain.The prviously
ﬂoating source is then charged and has thus a potential difrnce othe drain. It canthusact
22The second source electrode is there to alow to measure the botom part of theVOFET asa normal OFET.
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(a) 
(b) 
exploitedtobroadentheVOLET’semissionzonefordisplayorlightingapplications.
Figure6.18.:(a)MiroscopeimageoflightemissonfromaVOLETwithwavegudingef-
fectsintheOSCoRlayer(left)andlightintensitydistributionwithandwithout
waveguidingefects.Themicroscpeimagesh wsdiferentintensities
ofguidedlightalongthesourceinsulatoredgedu oaslightvariationin
polymerlayer ickness.(b)MicroscopeimageofaVOLETwihtwosource
contcs(spacd100µm prt)atdiferntgat biasconditios.Here,S(c)
indicatesth connectedsource,whileS(f)representstheﬂoatingsource.
YelowlightemissionsobtandromtheAq3:DCMlyer,renemission
stemsfrompur Alq3andblueemissioniscausedbySpiro-TTB.Onthe
rightisshownhelightintensitydistributionfordiferentdistancesofthe
connectedandﬂoatingsource.Shortdistancesalowmoreeasilyforcharging
adhusemissi attheﬂoatngsource.Figureswertaknfromref.[275].
WhilethepowerconversionefﬁciencyoftheVOLETstackdiscussedheredoesofcourse
notcomparefvourablytthtofasat-of-th-ar OLED(eechapter5ofref.[275]),
itsperformancemaybeimprovedtoacompetitivelevelbyintroducingamoreefﬁcient
OLEDtck.Forthepurpseofthiswork,thedevic sproventob a sefultoolto
visualisetheverticalchannelformatonintheVOFETarchitecturefortheﬁrsttime.Inthe
purepentaceneorC60VOFET,theformationwilofcoursebesomewhatdiferentand
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tendmorestronglytowardsthelocalyconﬁnedchannelnearthesourceedgesduetothe
lackofhighinjectionbariersintheverticalchannel.Yetitwaspossibletodemonstrate
experimentalythatfortherightbiasconditions,astrongchannelbroadeningaspredicted
bythesimulationmayindeedbeachieved.Thissuggeststhatifbothsourcecontactsof
theVOFETareconnectedandinjectchargecariersintothedevice,whichdifusealongthe
gatedielectricveryefﬁciently,theoveralcurenttransportmaybesimilartothatpredicted
byBen-Sassonetal.fortheOSBT[202,203],i.e.intheregime|VDS|<|VGS−Vth|,the
accumulationlayermaybetreatedasavirtualcontact,whiletransportthroughthevertical
channelapproachestheSCLCregime.However,inordertoknowmorepreciselyunder
whichbiasconditionssuchscenariosarepossibleintherealdevice,itisvitaltounderstand
theinjectionandtransportpropertiesofthematerialstackathand.Forthecaseofthe
VOFETsdiscussedinthisthesis,thisrequiresin-depthknowledgeparticularlyofthehole
andelectroninjectionpropertiesofAuintopentaceneandC60,aswelasthetransport
propertiesoftheintrinsicsemiconductors.ForthecaseofC60asasymmetricalmolecule,
itiseasytoshowthatthechargecariermobilityisisotropicanditsvaluedependsmostly
onthequalityofthedepositedﬁlm(foraveragevaluesseetable4.1).Electroninjection,
whilenotveryefﬁcient,isalsopossiblefromAu(seeref.[90,230]),butmayindeedbe
thelimitingfactorinC60VOFETswhentryingtoachieveafulysaturatedchannel.Forthe
caseofpentaceneasapolycrystalinematerial,thematerofchargecariertransportin
particularissomewhatmorecomplexandwilthereforebediscussedinthenextsection.
6.3.CHARGETRANSPORTINPENTACENE5
Pentaceneisoneofthemostcommonlyusedmaterialsinorganicelectronicdevices,
especialyinorganicﬁeld-efecttransistors(OFETs)[8,82,104,113,160,290–292],due
tothegoodtransportpropertiesalongthecrystala-bplane[293–296],whichtypicaly
orientatesinparaleltothesubstratesurfaceinconventionalbotom-gateOFETstructures
withoxidedielectrics[297,298].Theefectiveholemobilityinthisa-bplanehasprevi-
ouslybeenthesubjectofintensivestudy,alongwithitsdependenceonpentaceneﬁlm
morphology[84,160,232,290,299–303].Sofar,however,onlyafewstudiesconcerned
thetransportperpendiculartothea-bplane[293–295,304]ormoregeneralyinthebulk
phaseofpentacene,astransportinthisregimehasneverbeenofmuchinterestinreal
5Mostofthetextandﬁguresinthissectionhavebeenpublishedinref.[231].
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devices. Withthedevelopmentofverticaltransistorstructureshowever,amorecomplete
understandingoftheholemobilityinpentaceneanditsdependenceonﬁlmmorphology
areevidentlyrequired,aspentaceneVOFETswilrelyalsoontransportperpendicularto
thea-bplaneandthroughthebulkofthesemiconductor(seee.g.ﬁgure6.1,wherethe
toppentacenelayerintheverticalchannelclearlyshowsabulkphase).
Transportinthea-bplaneofthethinﬁlmphasecanbeinvestigatedbytheconventional
ﬁeld-efectmobilitymeasurementinOFETdevices,asalreadydemonstratedinthepre-
viouschapter.Themobilityofthebulkphaseofpentaceneistestedbythemethodof
electricpotentialmappingbythicknessvariation(POEM)[273],whichwasexplainedin
chapter4.
ForthePOEManalysisoftheout-of-planepentacenemobility(which,forVOFETsamples,
isperpendiculartothesubstratesurface),aseriesofp-i-pdevicesisfabricatedon
pre-cleanedglasssubstrates.Thesep-i-pdevicesconsistofAltopandbotomelec-
trodesand50nm-thickinjectionlayersofpentacene,p-dopedwithF6-TCNNQinadoping
concentrationof1.5wt%toensurealowinjectionbarierandtheformationofanSCLC
regime,whileatthesametimeleavingthemorphologyofpentaceneunaltered[247].
Betweentheinjectionlayers,intrinsicpentaceneisdepositedwithvaryingthicknessfrom
Substrate 
Al (100nm) 
P5:F6-TCNNQ (50nm) 
i-Pentacene (d) 
P5:F6-TCNNQ (50nm) 
Al (100nm) 
(a) (b) 
30nmto250nm(seeﬁgure6.19foradeviceschematic).
Figure6.19.:(a)Deviceschematicofap-i-pstackforPOEMmeasurements.(b)jVchar-
acteristicsofaseriesofp-i-pdeviceswithvaryingintrinsicpentacenethick-
nesses,depositedatarateof2.5Å/s.Thedashedlineindicatesthecurent
densityatwhichmobilityvalueswilbeextracted.
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The speciﬁc layer thickness and low doping ratio for the injection layers are chosen
because they provide sufﬁcient improvement of the hole injection into the intrinsic layer6,
so that morphological changes in the intrinsic pentacene due to the p-layer may be excluded.
Individual data sets are obtained in this manner for deposition rates of 0.5 Å/s, 1.5 Å/s,
2.5 Å/s and 10 Å/s of the intrinsic pentacene layers, so that the efect of the deposition rate
on the hole mobility perpendicular to the substrate can be observed. In order to corelate
the mobility values obtained via POEM directly to the in-plane ﬁeld-efect mobility obtained
for pentacene at the same deposition rates, OFET devices are manufactured separately
on silicon substrates with 30 nm of Al2O3. The contacts are paterned lithographicaly to
form OFETs with a channel widthW of 770µm and channel lengthsLof 10µm, 25µm,
50µm and 100µm (see Fig. 6.21 for a device schematic). As in the previous chapter, the
morphology of the 30 nm-thick pentacene ﬁlms in the OFETs is checked via AFM.
(a) (b) 
(c) (d) 
Rtm = 46.05nm RRMS = 12.86nm 
2µm 2µm 
2µm 2µm 
Rtm = 37.49nm RRMS = 10.94nm 
Rtm = 36.77nm RRMS = 10.48nm 
Rtm = 26.97nm RRMS = 7.25nm 
Figure 6.20.:Tapping mode AFM scans of 20 nm-thick P5 ﬁlms deposited onto 30 nm of
Al2O3with deposition rates of 0.5 Å/s (a), 1.5 Å/s (b), 2.5 Å/s (c) and 10 Å/s (d).
The scan areas have a size of 10x10µm2and the RMS roughnessesRRMS
and mean peak-to-valey distanceRtmare indicated for each sample.
Examining the ﬁlm morphology of pentacene for the diferent deposition rates, one
observes the onset of pentacene’s bulk phase and underneath the dendritic grain structures
6Electron injection is suppressed by the dopant, thus afording single carier devices.
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typicalforpentacenemoleculesinthethinﬁlmphasestackingverticalyonaninert,ﬂat
substrate[298].Adistincttransitionfromlargecrystalgrainsatthelowestdeposition
ratetosmalergrainsathigherdepositionratesisfound,asilustratedinﬁgure6.20.This
decreaseinlateralgrainsizegoeshandinhandwithanoticeabledecreaseintheaverage
peak-to-valeydistance,suggestingachangeofgrainsizeinthedirectionperpendicularto
thesubstratesurfacealso.
Figure6.21showstheﬁeld-efectmobilitydeterminedforeachpentacenedeposition
rate. The mobilityisextractedfromthetransfercurvesoftherespectiveOFETsin
saturationmodeandfromtheoutputcharacteristicsinthelinearmode(VDS=-6Vfor
saturation,VDS=-1Vforlinearregime,VGSissweptfrom2Vto-6V)usingequations
2.17and2.18. Mobilityvaluesareobtainedforeachofthetransistorchannellengths
indicatedabove.Figure6.21representstheaveragetrendoveraldevices,withatleast
twodevicesmeasuredperchannellength.Eventheshortestchanneldevicesinvestigated
hereshowlinearbehaviourforsmaldrainvoltages,soitissafetoassumethatcontact
efectsduetonon-ohmicinjection[102,113]playonlyaminorrolefortheefectivemobility
valuesdeterminedhere.Theobserveddecreaseinmobilityisthuslikelycausedbythe
increasednumberofgrainboundariesintheconductivechannel,aspreviouslyobserved
insimilarexperiments[160,232,290].Thisassumptionissupportedbythefactthatthe
efectofevaporationrateandmorphologyisslightlymorepronouncedinthesaturation
regime,wheretransportthrougharegionsimilartotheMOSFETpinch-of[30]maybe
moreobviouslyafectedbytheﬁlmmorphologythanthechannelregionwithhighcharge
carierdensity.
Todeterminewhetherasimilarefectcanbeobservedforthetransportdirection
perpendiculartothesubstrateplane,thejVcharacteristicsoffoursetsofp-i-pdevicesare
measured,eachsetwithanintrinsicpentacenelayerthicknessvaryingbetween30nm
and250nm(instepsof10nmuptod=130nm,theninstepsof30nm).
ByfolowingthePOEMapproachasdetailedinchapter4,amapoftheappliedvoltage
Vasafunctionofintrinsiclayerthicknessdisobtained.Figure6.22showsthisextracted
voltageforacurentdensityjof100mA/cm2foreachoftheinvestigateddepositionrates.
Ascanbeseenfromthetopgraphinthisﬁgure,thevoltagerequiredtoachievejisan
orderofmagnitudehigherforthetwolowerdepositionrates.Thisdiferencemaybe
causedbyachangeininjectionbarierduetochangingenergeticdisorderoftheﬁlms,but
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(a) (b) 
Figure6.21.:a)Exemplaryoutputandtransfer(inset)characteristicsofanOFETwithL=
25µm.Dashedlinesindicatethepositionsatwhichthelinearandsaturation
mobilitiesaredeterminedfromtheoutputandtransfercharacteristics.b)
EfectiveholemobilitiesinthelinearandsaturationregimesofP5OFETs
withdiferentdepositionrates.Thewhiskersonthisboxplotdenotethe
rangeof1.5standarddeviations,theboxareaindicatestherangeof25%to
75%ofthemobilitydistributionandthecentralhorizontallineofeachbox
showsthemeanvalueofthemobilitydistribution.Foreachdepositionrate,
atleasteightdeviceshavebeenmeasured.
couldequalybeatributedtoasimpleexperimentalerorduringsamplefabrication.As
thesubsequentstepsofthePOEMmethodrequire∂Φ/∂xratherthanΦ(x),thisefect,
whichisexpectedtobeindependentofdforagivenj,isofnoconsequenceforthe
furtheranalysis.AsmoothingalgorithmemployingBéziercurvesisappliedtotheV(d)data,
leadingtoequalyspaceddatapointsinF,nandµaswelareducedrangeofdremaining
forfurtheranalysis.Fromthesmoothedﬁeldandcarierdensitydistributionstheresultant
SCLCmobilityisﬁnalycalculatedusingthetransportequ.1.12.
AstypicalforPOEMdatainthisrangeofµ,theresolutionofnislimited.Thisisobserved
inﬁgure6.22bythelackofdecreaseinnwithincreasingd,aswouldnormalybeexpected.
Thisisanartefactofpossibleexperimentalinaccuraciesofdaswelasoftheapplied
smoothingalgorithmandreﬂectstheresolutionlimitofthisPOEMdata.Neverthelessitis
possibletoreliablyextractaveragevaluesfortheholemobilityperpendiculartothea-b
planeasafunctionofthedepositionrateusedduringtheevaporationprocess.Theseare
summarisedinﬁgure6.23.
Whatisevidentfromﬁgure6.23isadependenceonthedepositionrateofthepenta-
cenelayer:Forthelowestdepositionrate,anaverageholemobilityofapproximately
0.012cm2/Vsisextracted,whileforhigherdepositionrates,thisvaluedecreasesand
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Figure6.22.:Voltage(V),electricﬁelddistribution(F),chargecarierdensity(n)andmobility
(µ)extractedforaconstantcurentdensityofj=100mA/cm2versusintrinsic
pentacenethicknessdinp-i-pdevices.
saturatesatapproximately0.003cm2/Vs.Thisresultcorespondsweltoasimilarmea-
surementperformedbyMcCarthyetal.[304]andissomewhathigherthanthemobility
determinedonITO[302].Inbothcases,apentacenedepositionrateof1.0Å/swasused
andtheMot-Gurneylawwasappliedtoextracttheefectivepentacenemobilityofasingle
m-i-mstructure.Alowingforminordiferencesinthedepositionconditionsandpentacene
batchesusedfortherespectiveexperiments,onemayconcludethatforthecaseof
m-i-mdeviceswithmoderatechargecarierdensitiesandappliedﬁelds,itisreasonableto
assumeaconstantholemobility,which-formetalicinjectingcontacts-shouldbeinthe
regionof0.005cm2/Vsto0.01cm2/Vsandthusonetotwoordersofmagnitudebelowthe
determinedﬁeld-efectmobilityforthea-bplane.Thisﬁndingisalsoinaccordancewith
previousstudies,whichdidnotcalculatetheexactvaluesofmobility,butdidsuggesta
directionaldependenceofthemobilitybasedonconductivitymeasurements[293,295].It
isfurtherevidentthattheevaporationconditionsafectthemorphologyandthusthehole
mobilityofpentacenenotonlyinthehithertoinvestigateda-bplanetransport,butalso
perpendiculartothisplaneandmustthusbeconsideredwhenfabricatingdiodeorVOFET
devices.Aclearn-orF-dependenceofµ,aspreviouslyobservedfortransportinthea-b
plane[296,301],cannotbeextractedfromthisdataasvariationsinµwithvaryingjarein
therangeoftheuncertaintylimitofthisPOEMseries.Thissuggeststhattheconstant
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Figure6.23.:SCLC mobilityextractedforeachevaporationrateataconstantcurent
densityofj=100mA/cm2.Theboxchartisdeﬁnedinthesamewayas
ﬁgure6.21.
mobilityassumedforsimulationsisindeedaviableassumptionforthepurposeofthis
thesis,providedthattheregimeofchargecarierdensitiespresentintheVOFETdoesnot
showagrosslydiferenttrendforµ.
6.4.EFFECTSOFMOBILITYANDLAYERTHICKNESSIN
PENTACENEVOFETS
Theprevioussectionhashighlightedtheimportanceofanin-depthknowledgeofthe
propertiesofpolycrystalinematerialssuchaspentacene.Theabilitytovarytheaniso-
tropicchargecariermobilitythroughthedepositionparametersmayproveausefultool
intailoringelectronicdevicepropertiestoaspeciﬁcapplication.Someefectsofthis
mobilityvariationhavealreadybeenvisibleinchapter5:Avariationofmobilityinthe
lowerpentacenelayer(wheredifusiontransportintheaccumulationlayerisdominant)
afectstheoutputcharacteristicsoftheVOFET,butitsefectsmaybeovershadowedby
experimentalartefactssuchasachangingchannelorcontactresistanceduetophotoresist
residuals.Fromtheﬁeld-efectmobilitiesdeterminedintheprevioussection,itseems
clearthatthisdifusiontransportisefﬁcientevenonthelengthscaleofµmandperhaps
comparabletothatinatop-contactOFET.Thequestionthereforeariseshowthebulk
mobilityinthenm-longverticalchannelafectstheoveraltransportpropertiesofthedevice
andwhethervariationsinthebulkmobilityareatalvisibleinthedeviceperformance.
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Gate 
Dielectric (2!m x 50nm) 
i-C60 (1!m x 25nm) 
  i-C60 (1!m x 225nm) 
 Insulator (1.05!m x 125nm) 
Source (1!m x 50nm) 
Drain 
i-C60 (1!m x 25nm) 
(a) (b) 
Figure6.24.:Schematicrepresentation(a)andoutputcharacteristics(b)ofasimulatedC60
VOFETwitha50nmsourceinsulatoroverlapatagatebiasof2V.TheC60
layersindicatedingreenarekeptataconstantmobilityofµOFET=0.1cm2/Vs
asbefore,whilethemobilityintheverticalchannelregion(indicatedinred)
isvaried.Electrondensitydistributionsforthesedevicesareshowninﬁgure
(a) (b) 
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Figure6.25.:SimulatedelectrondensitydistributionsfortheVOFETsshowninﬁgure6.24
atdiferentdrainbiasconditions:(a)thedevicewiththesmalestchannel
mobilityof0.01µOFETand(b)thedevicewiththehighestmobilityof10µOFET.
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Althoughtheprevioussectionhassuggestedacertainamountofcontroloverthe
bulkmobilityofpentaceneviatheevaporationrate,studyingtheefectsofbulkmobility
variationmaymoreeasilybedoneviasimulationsasthemobilityrangeaccessiblehereis
virtualyunlimitedandtherearenoreproducibilityissues.Figure6.24showstheoutput
characteristicsofsimulateddeviceswithavaryingbulkmobilityintheverticalchannelat
VGS=2V.Theseoutputcharacteristicsmaybeseparatedintothreedistinctregions:A
non-linearregimeatverysmalVDS(trulyvisibleonlyforthelowestmobilityinﬁgure6.24
(b),alinearregimeformoderateVDSandasaturationregimeforlargeVDS.Non-linear
regimesatsmalVDSwould,inarealdevice,typicalybeassociatedwithanon-ohmic
injectionduetoSchotkybariersatthecontacts.AssuchaSchotkybarierhasnotyet
beenincludedinthesimulation,thenon-linearitymustarisefromtransport.Indeed,itis
foundthatforagivenIDinthisregime,thereisalinearrelationshipbetweenVDS2andthe
inverseoftheefectivebulkmobilityinthechannel,denotedasµef.Thisisilustratedin
ﬁgure6.26andsuggestsalimitationofIDbyanSCLCregime[271]7
(a) (b) 
.Similarly,thelinear
Figure6.26.:(a)SimulatedIDversusVDS2forsmalVDS,withcolourcodingasinﬁg-
ure6.24.(b)LinearrelationshipbetweenVDS2and1/µefforaﬁxedIDof
approximately1.5x10-12A.
andsaturationregimesshowastrong/weaklineardependenceonVDS,asexpectedfor
OFETsfromthegradualchannelapproximation(seechapter2).Ifthegradualchannel
approximationisapplicablehere,thenthereshouldbealinearrelationshipbetweenthe
gradientsoftheoutputcharacteristicsandµefinthesetworegimes.Suchaﬁthasbeen
atemptedinﬁgures6.27and6.28,howeverthetrendisnotclear.
7Notethattheslightdeviationsfromthestraightlineareanartefactofthesimulation:datapointswerenot
alwaysproducedatexactlythesameID,sotheclosestneighbouringpointswerechoseninstead.
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(a) (b) 
Figure6.27.:(a)SimulatedIDversusVDSformoderateVDS,withcolourcodingasinﬁgure
6.24.(b)Linearrelationshipbetweenthegradientoftheoutputcharacteristics
in(a)andµef
(a) (b) 
.
Figure6.28.:(a)SimulatedIDversusVDSforhighVDS,withcolourcodingasinﬁgure6.24.
(b)Linearrelationshipbetweenthegradientoftheoutputcharacteristicsin
(a)andµef.
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Forthelinearregime,thismaybeduetothefactthatthereisonlyasmaltransition
regionbetweentheSCLCregimeandthesaturationregime,forwhichthesimulationdoes
notprovidemanydatapoints.Theuncertaintyinthecalculatedgradientsistherefore
considerable.Forthecaseofthesaturationregimeitmaybenotedthataclearsaturation
doesnotevenformforthelowestmobilityvalueinvestigatedhere,thusadatapoint
inﬁgure6.28(b)ismissingforthismobilityvalue,whichmighthaveclariﬁedthetrend
somewhat.
Anotherapproachtodeterminewhethertrendssimilartothegradualchannelapproxim-
ationarepresentintheVOFET8istovarytheverticalchannel’slayerthicknessratherthan
Gate 
Dielectric (2!m x 50nm) 
i-C60 (1!m x 25nm) 
  i-C60 (1!m x LCh) 
Insulator (1.05!m x (LCh - 100nm) 
Source (1!m x 50nm) 
Drain 
i-C60 (1!m x 25nm) 
(a) (b) 
themobility.
Figure6.29.:Schematicrepresentation(a)andoutputcharacteristics(b)ofasimulated
C60VOFETwitha50nmsourceinsulatoroverlapatagatebiasof2V.Al
C60layersarekeptataconstantmobilityofµOFET=0.01cm2/Vs,whilethe
thicknessofthebulkC60(indicatedinred)isvariedalongwiththesource
insulatorthickness. Electrondensitydistributionsforthesedevicesare
showninﬁgure6.30.
Thisisdemonstratedinﬁgure6.29foraseriesofsimulateddevices.Thesamekind
ofanalysisoftheoutputcharacteristicsasbeforemaybeperformedonthesesimulated
devices,asthey,too,canbeseparatedintoanon-linear,alinearandasaturationregime.
Figures6.31to6.33showtheoutputcharacteristicsintheseseparateregimestogether
withtheextracteddependenciesonthebulklayerthicknessLCh. Again,acertainamount
oferorhastobealowedinthelinearﬁtingduetotheamountofdatapointsprovided
bythesimulation,particularlyintheregimeofmoderateVDS.ThegoodﬁtofVDS2to
LCh3inﬁgure6.31conﬁrmstheformationofanSCLCcurentinthisnon-linearregimeof
8ThiswouldalowforadescriptionoftheVOFETbythegradualchannelformalismandthusprovideaneasy
approximationofstandardtransistorparameterssuchasaveragemobilityfromthesestandardequations.
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(a) (b) (c) 
Gate 
Drain Drain Drain 
Gate Gate 
Drain Drain Drain 
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Figure6.30.:SimulatedelectrondensitydistributionsfortheVOFETsshowninﬁgure6.29
atdrainvoltagesof0V(a),5.5V(b)and10V(c).Thetopdeviceineachpanel
istheonewiththesmalestchannellayerthicknessof125nm,thebotom
(a) (b) 
deviceistheonewiththelargestthicknessof925nm.
Figure6.31.:(a)SimulatedIDversusVDS2forsmalVDS,withcolourcodingasinﬁgure
6.29.(b)LinearrelationshipbetweenVDS2and1/LCh3foraﬁxedIDof
approximately1.5x10-12A.
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(a) (b) 
Figure6.32.:(a)SimulatedIDversusVDSformoderateVDS,withcolourcodingasinﬁgure
6.29.(b)Linearrelationshipbetweenthegradientoftheoutputcharacteristics
in(a)and1/LCh
(a) (b) 
.
Figure6.33.:(a)SimulatedIDversusVDSforhighVDS,withcolourcodingasinﬁgure6.29.
(b)Linearrelationshipbetweenthegradientoftheoutputcharacteristicsin
(a)and1/LCh.
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theoutputcharacteristics,whichismorepronouncedforhigherLChduetotheefectively
loweredsource-drainﬁeld.Equaly,thelinearrelationshipsbetweenthegradientofthe
outputcharacteristicsandLChinthelinearandsaturationregimesareconsiderablymore
(a) (b) 
pronouncedthanforthecaseofthemobilityvariationdiscussedabove.
Figure6.34.:Transfer(a)andoutput(b)characteristicsofpentaceneVOFETsbuilton
thestandardSi/Al2O3substrateswithvaryingthicknessesofthesecond
pentacenelayer.Theapplieddrainvoltagein(a)andtheappliedgatevoltage
in(b)areboth-6V.Thethicknessofthelowerpentacenelayeris25nmfor
(a) (b) 
aldevices.
Figure6.35.:Extractedgradientsoftheoutputcharacteristicsshowninﬁgure6.34(b)
versusverticalchannellayerthicknessinthelinear(a)andsaturation(b)
regimesoftheoutputcharacteristics.
Figures6.34and6.35showatemptstoreplicatesuchbehaviourexperimentalyforthe
standardpentaceneVOFETsdiscussedbefore.AnSCLCregimecannotberesolvedhere,
mostlikelyduetoanovershadowingbyotherefects,suchasanincreasedresistancein
theaccumulationlayer.Sincethesamplewithachannellayerthicknessof50nmshows
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anunstabletransient,andrepetitionsofthisexperimentyieldedsimilarlyinconsistent
results,itwasdifﬁculttoreplicatethelineartrendsexpectedfromsimulation(seeﬁgure
6.35).Themoreclearlyresolvedtrendsinthesimulation,however,suggestthattheVOFET
architecturecanbedescribedbyaformalismsimilartothegradualchannelapproximation
orindeedthegradualchannelapproximationitself.
6.5.SUMMARY
Thischapterhasintroducedthesimulationtooldevelopedbythe WeierstrassInstitute
forAppliedAnalysisandStochastictoanalysethebehaviourofanidealVOFETgeometry
undervariousbiasconditions.CombiningamorethoroughunderstandingoftheVOFET’s
realgeometry(obtainedbySEMandTEM)withthissimulation,aﬁrstroughunderstanding
ofthechargetransportmechanismsintheVOFETwasdeveloped.Variationsofthesource
insulatoroverlapinthissimulationhaveindicatedthatanaccumulationlayerformseither
atthegatedielectricorsourceinsulatorinterfaceuponchargecarierinjection(depending
ontheapplieddrainbias)andthatitslateralextentdependsonthesizeoftheinsulator
overlap.ThisoverlapthusstronglydeterminestheelectricalcharacteristicsoftheVOFET,
notonlybysuppressingundesiredleakagecurents,butalsobydeﬁningtheactivearea
ofthedeviceavailableforchargetransportintheVOFET’slinearregime.Itwasfound
thatthesaturationregionoftheVOFETisnotafectedbytheexactsizeoftheinsulator
overlap,asinthesaturationregime,thechannelisconﬁnedtothecloseproximityof
thesourceelectrodeduetothestrongdrainﬁeld.Onlytheexistenceorabsenceofan
insulatoroverlapafectstheelectricalcharacteristicsinthisregimebysuppressingor
alowingchargecarieremissionfromtheverticalsourceedge.Thesimulationhasfurther
explainedatrendobservedexperimentalyinpentaceneVOFETs:ConnectingtheVOFET’s
sourceanddrainelectrodesinreverse(sourceontop)leadstoanoticeabledecreasein
On-StatecurentwhilepreservingorevenincreasingtheOn/Ofratio.Thesimulation
hasshownthatthisisduetoefectivechargecariertrappingattheinsulatorsurface
forreversedbias,wherethedegreeoftrappingdependsontheexactgeometryofthe
insulatoroverlap.Inrealdevices,thebeneﬁcialefectontheOn/Ofratioisdiminished
duetothenon-idealpropertiesofthisinsulator.
Theseﬁndings,particularlywithregardstotheverticalchannelformation,werecon-
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ﬁrmedexperimentalybymeasuringthelight-emissionfromaVOLETstack.Further
experimentalworkpresentedinthischapterhasconﬁrmedthemobilityanisotropyof
pentaceneanddemonstratedthatthemobilitycan,toacertainextent,betunedbycon-
trolingthedepositionconditionsofpentacenethinﬁlms.Lastly,combiningthetopicof
mobilityvariationswiththeVOFETsimulationshasindicatedSCLCbehaviouroftheideal
VOFETatverylowdrainbias,whichwasconﬁrmedalsobylayerthicknessvariationsinthe
verticalchannelregion.Thislayerthicknessvariationhasfurthersuggestedalinearrela-
tionshipbetweenOn-Statecurentandtheverticalchannellayerthickness,asproposedby
thegradualchannelapproximationforconventionalOFETs.Astheseﬁndingswerepartialy
backedbyexperimentaldata,itseemsreasonabletoassumethatabehaviouratleast
similartothegradualchannelapproximationcanalsobeappliedtoVOFETs,particularlyas
thereseemstobeasimilarformationofachargeaccumulationlayerwhichhasalarge
efectondeviceperformance.
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7.DOPINGCONCEPTSFORVOFETS
Inthischapter,theconceptofdopingwilbeintroducedintotheverticaltransistorarchi-
tecture,bothasameanstoimprovethedeviceperformanceandtogainanevenbeter
understandingoftheoperationalprinciplesgoverningthisdevicegeometry. Beginning
withthesimplestcaseofadopedsemiconductorlayerunderneaththesourceelectrode
orintheverticalchannel,themainpartofthechapterwilthenfocusontheintroduction
ofselectivecontactdopingasaprovenmethodtoenhancechargecarierinjection.The
efectsofsuchselectivedopingwilbestudiedfurtherbyuseofthetransmissionline
methodintroducedinthemethodschapter,theresultsofwhichprovideconclusiveproof
fortheoperationalprinciplessuggestedinthepreviouschapter.Finaly,theimpactof
theseﬁndingsonthevalidityofthegradualchannelapproximationinVOFETdeviceswil
bediscussed.
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ThepreviouschapterhasintroducedtheideathattheVOFETgeometryunderinvestigation
mayinfacthaveanoperationmechanismverysimilartotheconventionalOFET,suchthat
injectionfromthesourceelectrode,accumulationatthegatedielectricinterfaceanddifu-
siontransportalongthisinterfaceareindeedthelimitingfactorsforVOFETperformance.
Thishypothesismaybetestedbyintroducingtheconceptofdoping(seesection1.3)
intothisgeometry. WhiledopinghasbeensuccessfulyemployedinconventionalOFET
structuresinordertoincreasetheconductivityofthelateralchannelorenhancecharge
carierinjectionintosaidchannel,ithassofarneverbeenutilisedforaVOFETstructureor
indeedanyverticalorganictransistorgeometry,withtheexceptionoftheOPBTrecently
publishedbyKaschuraetal.[305]andKlingeretal.[306].
ThischapteraimstoprovideasystematicstudyofdopingefectsintheVOFETstructure
underinvestigation.Duetotheadaptabilityofthelayer-by-layerapproachofproducing
theseVOFETs,itiseasilypossibletoselectivelydopespeciﬁcregionsoftheVOFET
geometryandthusexaminetheimpactthateachoftheseregionshasontheperformance
ofthedevice.Inthiscontext,dopingisthususedasanexperimentaltooltounderstand
theimportanceoftheindividualpartsoftheVOFETandtoverifythehypothesisofthe
previouschapter.Ifthishypothesisholdstrue,thenselectivedopingshouldprovetobea
powerfulmethodtoenhanceVOFETperformance.
7.1.DOPINGOFTHEBULKREGIONS
DopedorganicsemiconductorsaretypicalyusedastransportlayersinOLEDsandOSC
[246],buthavealsobeeninvestigatedforuseinconventionalOFETs.Olthofetal.and
Heinetal.havedemonstratedthatalowconcentrationsofasuitabledopantinthechannel
regionofanOFETcanimprovetransistorperformancebyﬁlingtraps,particularlythose
deeptrapsoftenencounteredatthegatedielectricinterface[237,307].Heinetal.further
showedthatap-dopingefectalsoresultsinanincreasedbiasstressstabilityofpentacene
OFETs,whichtheyatributedtoasuppressionoftheprotonmigrationmechanism[169].
AsimilarefecthasalsobeenobservedbyOhetal.andcanbeproducedeitherbydoping
oftheentiresemiconductorbulkorbyapplicationofathindopantlayertothechannel
regionoftheOFET[308].Similarly,theapplicationofsuchselectivechanneldopingorbulk
dopingatlowconcentrationscanimprovetheair-stabilityofn-typedevices[308],while
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abulkp-dopingathighconcentrationshasevenbeendemonstratedtocausenormaly
n-typeC60OFETstooperateasp-typetransistors[65].
Inthecaseofbulkdoping,itisoftenobservedthattheﬁeld-efectmobilitymeasured
intheresultantOFETsincreasesforincreasingdopingconcentrationduetoanefﬁcient
chargetransferprocess.Inmostcases,however,thisincreaseinmobilitygoeshandin
handwithadecreaseinOn/Ofratio,sincetheincreaseinconductivityalsopromotes
leakagecurentsthroughthesemiconductorbulk[252,308–310].Forthespecialcaseof
pentacene,bulkp-dopingwithMoO3hasbeendemonstratedsuccessfulyinthepast[252],
aswelasdopingbylargerorganicmolecules[247,307].However,asKleemannetal.have
demonstrated,thepolycrystalinenatureofpentacenemayresultinanactualdecreaseof
Gate 
Dielectric Semiconductor 
doped layer 
Source Source 
Drain 
(b) (a) 
Gate 
Dielectric doped layer 
Source Source 
Drain 
mobilitywithincreasingdopingconcentrationduetoachangeofﬁlmmorphology[247].
Figure7.1.:SchematicrepresentationofVOFETswithdopedsemiconductorlayers:(a)
aVOFETwithanintrinsicsemiconductorlayerunderneaththesourceanda
dopedverticalchannelregionand(b)aVOFETwithanintrinsicverticalchannel
regionandadopedsemiconductorunderneaththesource.Thedopantis
indicatedinred.
ToinvestigatetheefectsofbulkdopingonthepentaceneVOFET’soperation,eitherthe
botomortoplayerofpentacenearedopedbyF6-TCNNQwithadopingconcentrationof
1.5wt%,soastoavoidthedisruptioninﬁlmmorphologyobservedbyKleemannetal.for
higherdopingconcentrations.Thedeviceschematicsforthedopeddevicesaredepicted
inﬁgure7.1.Thesedevicesaremanufacturedintheusualmanner(seechapter4)on
p-dopedSiwaferswith30nmofAl2O3asgatedielectric,whereeithertheﬁrstorsecond
pentacenelayerisco-evaporatedwithF6-TCNNQtoproducethedesiredbulkdoping.The
transferandoutputcharacteristicsofthesedevicesareshowninﬁgure7.2,withextracted
performanceparametersgivenintable7.1.
Asmaybeobservedfromﬁgure7.2(a),bulkdopingofthesemiconductorlayerun-
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(b) (a) 
Figure7.2.:Transfercharacteristics(a)andoutputcharacteristics(b)ofVOFETswitha
dopedverticalchannelregion(red)andadopedsemiconductorunderneath
thesource(green).Areferencedevicewithoutanydopingisshowninblack.
Outputcharacteristicsofthebotom-dopeddevicecouldnotbeobtaineddue
todeviceinstabilitiesandsubsequentshort-circuitsinthemeasureddevices.
TheapplieddrainvoltageisVDS=-6V.
Vth[V] S[V/dec.] gm[μS] On/Ofratio
reference -0.96 0.39 12.45 7.9x105
topdoped -0.72 0.81 9.49 1.1x104
botomdoped -0.19 1.57 5.37 156
Table7.1.:VOFETparametersextractedforthedevicesshowninﬁgure7.2.
derneaththesourceelectrodehasasimilarefectintheVOFETasreportedpreviously
forOFETs,namelytheefectthatthethresholdvoltageandOn/Ofratioofthedevice
decreasedrasticaly,whilethesubthresholdswingincreasesnoticeably.Forthecase
ofaconventionalOFETgeometry,bothwouldbeindicativeofastrongp-dopingefect
inthetransportlayer,whichresultsinhigherconductivityandareductionofcontact
resistance[252].ThefactthatsimilarbehaviourcanbeobservedalsointheVOFETgeo-
metryisafurtherstrongindicatorforthepreviouslystatedtheorythatthelateralcharge
transportnearthegatedielectricinterfaceplaysasigniﬁcantroleinthisdevice.Contrary
tothebulk-dopedOFETsreportedintheliterature,however,thetransconductanceofthe
VOFETdecreasesincomparisontotheundopedreferencedevice,whichfurtherpromotes
thedecreaseinOn/Ofratio.Thecauseofthisdecreaseintransconductancemaybe
foundinthedecreaseofpentacenemobilityupondoping[247],aswelastheprocessing
conditionsoftheVOFET:Asthedopedlayerunderneaththesourceissubjectedtotwo
lithographystepsandsubsequentlift-ofs,areactionofthedopantwiththeﬂuorinated
solventusedfortheselift-ofsmayresultinafurtherdecreaseofconductivityinthedoped
layer,e.g.duetowashingoutofthedopant.Unfortunately,alofthebotom-dopeddevices
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investigatedinthismeasurementseriesshowedinstabilitieswhichleadtoreproducible
source-drainshort-circuitswhenatemptingtotakeoutputcharacteristicsoftheseVOFETs.
Inlightofthesimulationresultspresentedinthepreviouschapter,thismaybeduetothe
strongchargecarieraccumulationnearthesourceinsulatorfor|VDS|>|VGS−Vth|.
Figure7.2alsoshowsthetransferandoutputcharacteristicsofaVOFETwherethe
secondlayerofpentacenehasbeendopedby1.5wt%ofF6-TCNNQ(compareﬁgure7.1
(a).Itisevidentfromthesetransfercharacteristicsandtheparametersshownintable
7.1thatdopingtheupperbulkoftheVOFETalsohasanefectonthedevice’soperation.
Theefect,indeed,appearstobesimilartothatobservedforthebotom-dopedVOFET,
albeitinaweakenedmanner. Whileloweringofthecontactresistanceatthesource
maybeexcludedinthiscase,theslightraiseinconductivityoftheupperpentacene
layerstilresultsinaloweredthresholdvoltage,whileatthesametimealsoproviding
higherleakagecurentsandthusalowerOn/Ofratio. Theincreasedsubthreshold
swingisheretakenasanindicatorforshalowtrapstatesintheverticalchanneldueto
ioniseddopants.AlthoughtheconventionaldeﬁnitionofthesubthresholdswinginOFETs
considersmainlytrapstatesatthedielectricinterface,thedataobtainedheresuggests
thatthesubthresholdswingmayindeedbeusedasageneralmeasurefortrapstates
anywhereinatransistorgeometry.Similartothebotom-dopeddevice,adecreasein
transconductanceisobservedincomparisontothereferencedevice.Thefactthatthis
decreaseissmalerforthetop-dopeddevicestronglysuggeststhatthesamedecrease
inchargecariermobilityduetothedisturbedmorphologyhaslessefectinthislayer,
i.e.thatthetransportpaththroughtheverticalchannelisconsiderablyshorterthanthe
lateraltransportunderneaththesourceelectrode,aspredictedbytheTEMmeasurements
inthepreviouschapter(seesection6.1).Itmayfurthersuggestthatareactionwiththe
lift-ofsolventHFEisanotherfactortobeconsidered,asreactionswithHFEshouldplaya
lesspronouncedroleinthetopdopedlayer(sincethislayerissubjectedtoonlyonelift-of
procedure).
Bycomparingthetwodopeddevices,oneobservesthatdopingofthebotomsemi-
conductorlayerhasagreaterefectonVOFETperformancethandopingofthetop
semiconductorlayer.ThisindicatesalimitationoftheVOFET’sperformancebythelateral
transportcomponent,whichinturnconﬁrmsthatthelateraltransportpathissigniﬁcantly
longerthantheverticaltransportpath,assuggestedinthepreviouschapter.
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7.2.SELECTIVECONTACTDOPING1
Theconceptofcontactdoping,adoptedfromsilicontechnology[30],hasbeensuccessfuly
employedinOFETsbyinsertingathininjectionlayerbetweenthemetalcontactandthe
organicsemiconductor,whichmaybeonlyafewnanometersthickandconsistsofa
metaloxide(seee.g.[119]),self-assembledmonolayer(SAM)[212],ororganiccompound
[102,120–123,308,311].Insertionofaslightlythickerlayeroftheactivesemiconductor
material,dopedwithasuitablep-orn-dopant,hasalsobeenreportedascontactdoping
[76,312,313].Bothapproachesareknowntodecreasecontactresistanceinbotom-as
welastop-contactOFETsthroughvariousmechanisms[118]andareparticularlyimportant
toolsforcounteractingtheprominentcontactefectsoftenencounteredinshort-channel
OFETs[102,120,126,265](seechapter2).Suchcontactefectscanalsobeobservedin
VOFETs[214,217,228,230],asthesedevicestypicalyhavechannellengthsontheorder
ofafewmicrometersorless,dependingonthespeciﬁcgeometry.Thiscontactlimitation,
whileclearlyobservedinseveralVOFETdevicessofar[213,214,218,227,228,230,314],
hasnotyetbeenaddressedbyspeciﬁccontactengineering,asthebasicproofofprinciple
wasoftentheaimoftherespectivepublication.Itstandstoreason,however,thatthe
conceptsforcontactdopingestablishedinlateralOFETscandirectlybetransferedto
theVOFETarchitecture,especialyinthosecaseswherethedevicestructureinthe
vicinityofthesourcecontactresemblesthatofalateralOFET[213,214,228,230,314].
Furthermore,thedevicearchitectureandfabricationprocessofcertainverticaltransistor
geometries,suchastheOPBTbyFischeretal.orthepresentVOFETgeometry,alow
forselectivedopingoftheindividualcontactswithouttheneedforadditionalstructuring
steps.Consequently,itispossibletoseparatelyinvestigatetheefectsofcontactdoping
atthesourceanddrainelectrodes.
Presumably,theinjectionbarierforholesfromAuintopentaceneshouldbenegligible
becauseoftheenergylevelalignmentbetweentheAuworkfunction(approx.5eV)and
thepentaceneHOMO(approx.5.1eV).Basicmetalisationefects[113]orimpuritiesat
theelectrode-semiconductorinterface,broughtintothesysteme.g.duringthephoto-
lithographyprocess(seesection4.2.2),canalreadyleadtotheformationofanoticeable
injectionbarier,whichmanifestsasanon-linearbehaviouroftheoutputcharacteristicsof
1Thetextandﬁguresinthissectionhavemostlybeenpublishedinref.[268].
7.2.Selectivecontactdoping 183
Gate 
Dielectric Semiconductor 
Source Drain 
Contact doping layer (b) 
Gate 
Dielectric 
Source Source 
Drain (a) 
Figure7.3.:Devicestructureforcontact-dopedVOFETs(a)andTLMOFETs(b),with
contactdopinglayersindicatedinred.
theVOFETatsmaldrainvoltagesVDS.Indeed, Watkinsetal.reportedaholeinjection
barierfromAutopcontactsintopentaceneaslargeas1eV[106],despitetheseemingly
wel-matchingenergylevelsofthepurematerials.
Tostabilisetheinterfaceandformareproduciblelowinjectionbarier,twodiferent
contactdopingapproacheswilbetestedinthefolowingsections:athinlayerofpure
dopantunderneaththeVOFETsourceordrainelectrodeanda10nm-thicklayerofpenta-
cene,dopedwithvaryingconcentrationsofp-dopantinthesameposition.Theﬂuorinated
organiccompoundsC60F36andF6-TCNNQareusedasdopants,sincebothhavedemon-
stratedgooddopingpropertiesforpentacene[29,244].Theefectoncontactresistance
ofeachoftheselayersisfurtherinvestigatedbythetransferlengthmethod(TLM,see
section4.3)intheconventionalstaggeredOFETgeometrywiththesamematerialsystem
andlayerarangement(seeﬁgure7.3(a)and(b)foradeviceschematic).Thisseparate
analysisisdoneinordertoensurethattheTLMyieldsthecorectresultsforthegiven
materialsandprocessingconditions,asitisunclearwhetherthisanalysiscanbeemployed
inaVOFETgeometry.Itisassumed,however,thatthechargecarierinjectionmechanism
intheOFETandVOFETisidentical,sothattheresultsoftheTLManalysisinOFETsalso
describetheefectsofcontactdopingintheVOFETaccurately.
7.2.1.CONTACTDOPINGBYATHININTER-LAYEROFC60F36
Firstly,theefectsofcontactdopingby2nm-thinlayersofpureC60F36wilbeinvestigated.
Suchlayersareinsertedeitherbetweenthesourceorthedraincontactandtheintrinsic
semiconductorofthepreviouslydiscussedp-typeVOFET.Theresultanttransferandoutput
characteristicsareshowninﬁgure7.4andtheextractedparametersforeachdeviceare
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(b) (a) 
summarisedintable7.2.
Figure7.4.:TransfercharacteristicsatVDS=-10V(a)andoutputcharacteristicsatVGS=
-10V(b)ofVOFETswithcontactdopingof2nmC60F36underneaththesource
(red)and2nmC60F36underneaththedrain(green)respectively.AVOFET
withoutcontactdopingisshownforreference(black).Extractedvaluesare
givenintable7.2.Previouslypublishedinref.[268].
Vth[V] gm[μS] S[V/dec] On/Ofratio
reference -1.14 4.12 0.52 4.7x104
2nmC60F36(S) -0.29 40.60 0.86 1.5x106
2nmC60F36(D) -1.81 3.96 0.89 7.6x104
Table7.2.:Extractedtransistorparametersfordevicesdisplayedinﬁgure7.4.
Itisimmediatelyevidentfromthisdatathatapplyingathinlayerofpuredopantas
contactdopingtothedrainelectrodeprimarilyresultsinanincreasedsubthresholdswing
S(asdeﬁnedbyequ.2.9),whilehavinglitleefectonOn-statecurentorOn/Ofratio.In
thepresentcase,theadditionaltraps,whichleadtotheincreasedsubthresholdswing,are
duetoioniseddopantmoleculesneartheextractioncontact,ratherthanatthedielectric
interface.TheslightincreaseinOn/Ofratioandthresholdvoltage(seetable7.2)can
beexplainedbyalowerleakagecurentduetochargecariertrappingnearthedrain.
Evidently,thetransconductancegmisnotimprovedupondopingthedraincontact,as
extractionofholesfrompentaceneintogoldisverygoodalreadyintheundopedsystem.
DopingofthedraincontactinpentaceneVOFETswilthusnotbeconsideredanyfurther.
Applicationofathinlayerofpurep-dopantbetweenthesourceelectrodeandthe
semiconductor,ontheotherhand,signiﬁcantlyimprovesVOFETperformanceasindicated
byﬁgure7.4.Thisefectisnotsimplyduetoashiftinthresholdvoltage(seetable7.2),
butresultsfromanactualreductionofcontactresistance,asindicatedbythefactthat
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alsothetransconductancegm increasesbyoneorderofmagnitude. Asimilarefect
haspreviouslybeenreportedforshort-channelOFETs(seee.g.ref.[102]),wherealso
thesaturationcurentoftheOFETwasimprovedslightlybythedoping.Thefactthat
thissaturationcurentimprovementisalsomorepronouncedintheVOFETleadstothe
conclusionthattheVOFETismorestronglyinjection-limited.Thealternativeexplanation
herewouldbethattheconductivityoftheaccumulationlayerinthesaturationregimeis
improvedasthis,accordingtothedatainthepreviouschapter,shouldbelocatednear
thesourceelectrodeandthusnearthedopedregion.Duetotheanalogousﬁndingsof
Anteetal.forOFETs,however,itisbelievedthatthissecondexplanationislesslikely.The
reasonsforthesigniﬁcantimprovementcanbeinvestigatedinmoredetailbyperforming
aTLManalysisonbotom-gate,top-contactOFETs.Byusingthesamesetofmaterials,
substrate,geometryandfabricationprocessasfortheVOFETdevices(seeﬁgure7.3(b),
itispossibletotransfertheresultsofsuchaTLManalysisdirectlytotheVOFETgeometry,
astheinjectionbehaviourintheOFETandVOFETdevicesmustbeidentical.Theextracted
width-normalisedcontactresistanceandtransferlengtharedisplayedinﬁgure7.5.A
signiﬁcantdropincontactresistanceisobservedupondopingandtheVGS-dependenceof
thecontactresistance,typicalforOFETs,isconsiderablyweakened.Thedropincontact
resistanceisfurtheraccompaniedbyanequalylargereductioninthetransferlength,with
thelaterbecomingalmostindependentofVGS
(b) (c) (a) 
.
Figure7.5.:Width-normalisedcontactresistance(a),sheetresistance(b)andtransfer
length(c)versusgatevoltage,asextractedfromtheTLManalysis,fora
contact-dopedpentaceneOFETwith2nmC60F36underneaththecontacts
(red)andareferencedevice(black).Publishedinref.[268].
Duetothesizeofthedopantmoleculeandthemorphologyofthepentacenesurface,
theadditionofnominaly2nmofC60F36(asmeasuredbyQCM)doesnotresultinaclosed
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dopant layer, but rather in smal islands of C60F36accumulating on the surface of the
pentacene ﬁlm. This can be demonstrated via AFM imaging of a pentacene layer on the
standard HMDS-treated Si substrate with 30 nm of Al2O3: Figure 7.6 shows tapping mode
AFM images of a 30 nm-thick pentacene ﬁlm on such a substrate, where a nominaly
2 nm-thick layer of C60F36has been deposited onto one half of the sample, while the other
half of the substrate was covered. The increased surface roughness and larger number of
smal cluster features in ﬁgure 7.6 (b) points towards smal clusters of the dopant forming
on top of the pentacene layer, as has previously been observed for other dopants (see
supporting information of ref. [102]).
Source 
Gate 
Dielectric 
(c) 
1 µm 
Rrms = 9.15nm (a) 
1 µm 
Rrms = 10.25nm (b) 
Figure 7.6.:Tapping mode AFM images of (a) 30 nm P5 and (b) 30 nm P5 with 2 nm C60F36
on top, both on silicon substrates coated with 30 nm Al2O3and treated with
HMDS. (c) Schematic representation of a more realistic source-semiconductor
interface, with C60F36clusters indicated in red. AFM images were published
previously in the supporting information to ref. [268]
The presence of smal C60F36clusters is further evidenced by energy-dispersive X-ray
spectroscopy (EDX), which has been performed on the source-drain overlap area of the
contact-doped VOFETs2. As expected, the spectrum in the source region (ﬁgure 7.7
(a) shows a weak, but visible peak for ﬂuorine, while the channel region (ﬁgure 7.7 (b)
reveals no such peak. This is sufﬁcient evidence that there are C60F36molecules present
underneath the source electrode. Note that the Au peak in ﬁgure 7.7 (a) stems from the Au
source electrode, while the Si and Al peaks in both spectra originate from the underlying
Si substrate with Al2O3and – in the case of ﬁgure 7.7 (a) – from the SiO2above the source
electrode.
It is to be expected that the size of the C60F36molecule also largely prevents dopant
difusion into the underlying pentacene or even the channel region (compare channel
2EDX spectra were obtained by Petr Formánek (IPF Dresden) in aZeiss Ultra55SEM, equipped with aBruker
XFlash5060EDX detector, at an acceleration voltage of 5 kV.
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(b) (a) 
Figure7.7.:EDXspectraof(a)thesourcecontactareaand(b)thechannelareaofa
VOFETcontact-dopedwith2nmC60F36underneaththesource.Theexpec-
tedKαpeaksforcarbon(0.277keV),oxygen(0.525keV),ﬂuorine(0.677keV),
aluminium(1.486keV),silicon(1.739keV)andgold(2.120keV)aremarked.
Publishedpreviouslyinthesupportinginformationtoref.[268]
resistancesinﬁgure7.5). Acertaindegreeofsurfacedifusionduringprocessingis
possible,butwouldnotafectthechannelvolumeeither.Therefore,theresistivityof
thebulksemiconductorbetweenthesourceandtheconductivechannelshouldremain
unchangedupondoping,sothatthereductionincontactresistancemuststemfroman
injectionenhancementatthesourcecontact.Indeed,theincreasedsubthresholdswing
ofthedopeddevice(seeﬁgure7.4andtable7.2)suggestthatalargenumberofdopants
havebeenionised,i.e.thatfreechargecariersareavailablenearthesource-semiconductor
interface. Whileitisatpresentnotentirelyknownwhetherthisdopingprocessoccurs
viaadirectchargetransfer,asilustratedinﬁgure1.8,orbyamatrix-dopanthybridisation
[244],theobtainedTLMandVOFETdatasuggeststhatalargenumberoffreecharge
cariersareprovidedatthesource-semiconductorinterfaceupondoping.Thisresultsina
narowingofthedepletionregionatthesourcecontactandthusanefectivenarowing
oftheSchotkybarier,sothatinjectionfromthesourceviatunnelingisenhanced.A
furtherbeneﬁcialefectmaybeprovidedbytheinherentroughnessofthepolycrystaline
pentaceneﬁlms:Somedopantclusterswilnaturalyaccumulatealsowithinthethinner
partsoftheunderlyingpentaceneﬁlm,acontact-dopedregionwithnarowerinjection
bariermaythusbelocatedverynearthegatedielectricinterface.Ifseveralsuchregions
arelocatedclosetotheedgeofthesourcecontact,alargepartofthetransistorcurent
maybeinjectedfrompreciselytheseregions,whichreducesthetypicalcurentcrowding
phenomenon(seesection2.3)andmaythusexplainthesigniﬁcantreductionintransfer
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lengthobservedforcontactdopingbysuchpuredopantlayers.
7.2.2.COMPARISONTOTHESTANDARDP-DOPANTF6-TCNNQ
Anotherdopantwhichisfrequentlyusedtop-dopepentaceneisF6-TCNNQ.Thismaterial
hasaLUMOof5.37eV,butaloweractivationenergyandslightlyhigherdopingefﬁciency
inpentacenethanC60F36[29].Supposedly,therefore,F6-TCNNQshouldproduceeven
betercontactdopingresultsthanC60F36.However,asﬁgure7.8shows,thedopingefect
ofathinlayerofF6-TCNNQisactualylesspronounced,withthetransconductanceonly
improvingbyafactorofapproximately2.5(asopposedtoafactorof10forC60F36).This
worseperformancemaybeatributedtoapartialdamageoftheF6-TCNNQduringthe
subsequentprocessingstepsofVOFETfabrication.Particularlythemagnetronsputering
processusedtodepositSiO2hasthepotentialtointroducelocalheatingoftheorganic
layersduetohigh-energyionshitingthesamplesurface,combinedwithexposuretoUV
radiation.ItisbelievedthatthehigherglasstransitiontemperatureofC60F36indicates
beterthermalstabilityofthismoleculecomparedtoF6-TCNNQ,makingthethininjection
layerlesslikelytobedestroyedwhenC60F36isusedinsteadofF6-TCNNQ.
Figure7.8.:TransfercharacteristicsofpentaceneVOFETswithoutcontactdoping(black)
andwithathinlayerof1nmF6-TCNNQunderneaththesource(red).The
applieddrainvoltageisVDS=-6V.TheobservedimprovementinOn-state
curentisonlyafactorof2.5.Reproducedfromthesupportinginformationto
ref.[268]
Vth[V] S[V/dec.] gm[μS] On/Ofratio
reference -0.86 0.37 3.02 1.1x105
1nmF6-TCNNQ(S) -0.89 0.40 8.25 4.3x105
Table7.3.:VOFETparametersextractedforthedevicesshowninﬁgure7.8.
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AfurtheradvantageofC60F36isitspartialsolubilityinﬂuorinatedsolvents.Figure
7.9showsthetransfercharacteristicsofOFETswith25nmofpentaceneandAutop
contactsonSiwaferswith300nmofSiO2asdielectric,whicharemeasureddirectlyafter
fabricationandagainafter12hoursimmersioninHFE,thestripperusedduringlift-of
inthephotolithographyprocess(seesection4.2.2).Forthecentralandrightpanelof
ﬁgure7.9,anunstructured,2nm-thinlayerofC60F36andF6-TCNNQrespectivelyhasbeen
Pentacene P5 / C60F36 P5 / F6-TCNNQ 
evaporatedontopofthepentacenepriortophotolithographyandcontactdeposition.
Figure7.9.:TransfercharacteristicsofpentaceneOFETsbefore(black)andafter(red)
immersionintoHFEfor12hours.Fromlefttoright:purepentaceneasactive
layer,pentacenewitha2nmlayerofC60F36ontopandpentacenewitha2nm
layerofF6-TCNNQontop.TheapplieddrainvoltageisVDS=-60V.Previously
publishedinthesupportinginformationtoref.[268]
Thecomparisonofthetransfercharacteristicsshowsthataslightdegradationisobserved
ineachcasesimplyduetotheimmersionofpentaceneinHFE(seeleftpaneloftheﬁgure).
AlayerofC60F36evaporatedontotheentirepentaceneﬁlmpriortocontactdeposition
resultsinastrongp-dopingefectparticularlyintheupperregionsofthepentaceneﬁlm,
thusprovidingcontactdoping,butalsoincreasingtheconductivityoftheupperbulkregion
betweenthesourceanddrain.Parasiticcurentconsequentlyﬂowsatthetopofthe
pentacenelayer,whichcannotbecontroledbythegateﬁeldandthusconstitutesalarge
Ofcurent.UponimmersionintoHFE,someofthisdopantseemtobewashedoutof
thisbulkregion,whilethedopantremainsunderneaththecontacts.Thethresholdvoltage
thusshiftstothenegativeregimeandameasurableOn/Ofratiocanbeobservedforthis
device.InthecaseofF6-TCNNQ,theinitialefectofthethindopantlayeristhesame.In
factitismuchstronger,suggestingbetercoveragebyandpossiblymoredifusionofthe
smalerdopantmoleculesincombinationwithhigherdopingefﬁciencyandconduction
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throughthedopantitselfratherthantheunderlyingpentacene.Uponimmersioninto
HFE,thethresholdvoltagedoesshift,butstilremainspositive,whiletheOn/Ofratio
hardlyimproves.ForVOFETfabrication,thismeansthatathininjectionlayerofC60F36
canactualybeconﬁnedpreciselytothesourcecontactarea,asdopantsaccidentaly
migratingoutfromunderneaththeAuelectrodewilbewashedoutbythesubsequent
photolithographyprocesses.This,again,isingoodagreementwiththeobservedsheet
resistancesinﬁgures7.5(b)and7.11(b).
7.2.3.CONTACTDOPINGBYAMIXEDLAYER
Toexaminetheefectofamixedlayerdopingapproach,asetofVOFETswithvarying
concentrationsofC60F36ina10nm-thickpentaceneinjectionlayerisfabricated(analogous
tothedevicestructuresshowninﬁgure7.3).Theresultsofthisexperimentareshownin
ﬁgure7.10andtable7.4.Here,asamplewithaninjectionlayerconsistingofpentacene
with1mol%ofC60F36infacthasalowerthresholdvoltagethanthereferencesample
withoutdoping(seetable7.4),yetthetransconductanceisnoticeablyloweredforthis
(b) (a) 
device,whileincreasingforhigherdopingconcentrations.
Figure7.10.:ComparisonoftransfercharacteristicsatVDS=-6V(a)andoutputcharacter-
isticsatVGS=-6V(b)betweenareferenceVOFET(black)andVOFETswith
acontactdopinglayerof10nmP5:C60F36atdopingratiosof1mol%(red),
4mol%(green)and6mol%(blue).Extractedvaluesaredisplayedintable
7.4.Previouslypublishedinref.[268]
Onceagain,aTLManalysisoftheequivalentOFETsyieldsanexplanationforthis
phenomenon.Asisvisiblefromﬁgure7.11,theinjectionlayerwith10nmpentacene,
dopedby1mol%ofC60F36,infactincreasesthecontactresistanceandtransferlength
ratherthanreducingthem.Onlyincreasingthedopingconcentrationto4mol%orhigher
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Vth[V] gm[μS] S[V/dec] On/Ofratio
0mol% -1.37 6.22 0.34 4.75x105
1mol% -0.70 2.14 0.26 4.1x105
4mol% -1.88 20.88 0.39 4.9x105
6mol% -1.42 21.74 0.43 6.7x105
Table7.4.:Extractedtransistorparametersfordevicesdisplayedinﬁgure7.10.
resultsinanoticeableimprovementincontactresistanceandthusOFETandVOFET
performance.Atthesametime,thesemorehighlydopeddevicesshowanincreasedloss
ofsaturationincomparisontothesinglelayerdopingapproach(compareﬁgures7.4and
(b) (c) (a) 
7.10
Figure7.11.:Width-normalisedcontactresistance(a),sheetresistance(b)andtransfer
length(c)versusgatevoltage,asextractedfromtheTLManalysis,forcon-
tact-dopedpentaceneOFETswith10nmP5:C60F36underneaththecontacts
atdopingconcentrationsof1mol%(red),4mol%(green)and6mol%(blue).
Areferencedevicewithoutcontactdopingisshownaswel(black).Previously
publishedinref.[268]
Theefectsofincreasingdopingconcentrationinapentaceneﬁlmcanbeinvestigatedin
asimpleOFETgeometry,aspreviouslydoneforF6-TCNNQ[247].Performingconductivity
andmobilitymeasurementsinsuchanOFETgeometryrevealsacleartrade-ofbetween
theincreasingconductivityofapentaceneﬁlm,dopedbyC60F36,andthedecreasinghole
mobility.Thesetwooppositeefectsarecausedbyadisruptionofpentacenemorphology
andthusadecreaseingrainsizeduetothedopantaddition(seeﬁgures7.12and7.13)
andasimultaneousincreaseoftrapﬁlingandfreechargecariersinthesemiconductor
duetothep-dopingefect.
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Figure 7.12.:Tapping mode AFM images of 30 nm P5:C60F36in doping concentrations
of 0 mol% (a), 1 mol% (b), 2 mol% (c), 4 mol% (d), 6 mol% (e) and 8 mol%
(f) on silicon substrates coated with 30 nm Al2O3and treated with HMDS.
Previously published in part in ref. [268]
Consequently, a mixed layer of low doping concentration, inserted as injection layer
between the VOFET’s source contact and the semiconductor, provides a certain amount
of trap ﬁling and perhaps even free charge cariers. This may result in injection barier
narowing, as discussed previously. At the same time, however, the mixed layer contributes
an additional component to the bulk semiconductor resistance between the source and
the conductive channel. This contribution is larger for mixed layers with low doping
concentrations and may therefore outbalance the reduction in contact resistance due to
barier narowing, as is the case for the 1 mol% layer investigated here. Increasing the
doping concentration to 4 mol% or 6 mol% evidently results in a net positive efect, as
the conductivity of these layers is higher (see ﬁgure 7.13), thus the contribution to the
bulk resistance is decreased, while the increased doping concentration results in a larger
number of free charge cariers (see subthreshold swing for these samples in table 7.4) and
thus the expected barier narowing and improved injection. Comparing the characteristics
of VOFETs employing diferent kinds of contact doping, it seems evident that from a
processing point of view, application of a thin injection layer of pure dopant is the more
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Figure7.13.:Conductivityandmobilityasfunctionsofdopingconcentration,measured
inanOFETgeometryof30nmP5:C60F36and40nmAucontactsonsilicon
substrateswith30nmAl2O3asgatedielectric,aspreviouslydoneinref.[247].
Publishedpreviouslyinref.[268].
efﬁcientchoice,asitiseasiesttoimplementandalsoprovidesthebestOn/Ofratioofal
thedevicespresentedhere.Thedrawbackofanincreasedsubthresholdswinginthiscase
mayperhapsbetolerableformanyapplicationsasthesigniﬁcantreductioninthreshold
voltagestilafordslowdrivingvoltagesandthusmakesthesecontact-dopedVOFETs
particularlyinterestingforapplicationswithlowpowerconsumption.
7.3.IMPACTONTHEUNDERSTANDINGOFVOFETOPERATION3
Inthelightoftheresultspresentedintheprevioussections,itseemsnecessarytobrieﬂy
re-visittheoperationalprinciplesofthepresentedVOFETgeometry:Firstly,thesuccessful
applicationofinjectionlayerstotheVOFETgeometryprovesconclusivelythatcharge
cariersareindeedinjectedfromthebotomsurfaceofthesourcecontact,justasina
conventionaltop-contactOFET.ThegoodOn/Ofratiosachievedthroughthismechanism
furthersuggestthatinjectionthroughtheverticaledgeofthesourceissuppressed,
sinceitwouldotherwiseconstituteaconsiderableOf-statecurent(asobservede.g.by
Stutzmannetal.andParashkovetal.[213,214]).Examiningthesource-drainoverlapregion
byscanningelectronmicroscopy(SEM),oneﬁndsthattheinsulatinglayerofSiO2,which
isplacedontopofthesourceelectrode,doesinfacthaveaconsiderableoverlapinto
theverticalpartofthechannelandthuspreventsinjectionfromtheedgeofthesource
electrode.FromtheSEMimagedisplayedinﬁgure6.1,itispossibletoestimatethis
3Theﬁguresandlargepartsofthetextinthissectionhavealsobeenpublishedinref.[268]
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overlapasLins=3.2µm.Achargecarieremitedfromthesourceelectrodeintothe
underlyingsemiconductormustconsequentlymoveatleastthisdistanceLinsinsidethe
lowersemiconductorlayerbeforeitisabletoentertheverticalchannelandbecolected
bythedrainelectrode.This,however,isonlytrueforchargecariersemiteddirectlyat
theedgeofthesourcecontact.Themajorityofcariers,however,wilbeinjectedfrom
withinanareaA=WLTofthesourceelectrode’sbotomsurface,whereW isthewidthof
thesourcecontactandLTisthetransferlengthasdeﬁnedbefore.Theaveragedistance
traveledbyanychargecarierinsidetheVOFETisthusgate-voltage-dependentandmay
beusedasanefectivechannellengthfortheVOFET,givenas
Lef VGS =LCh+LT VGS +Lins (7.1)
whereLChisthelengthoftheverticalchannel,LT(VG)thegate-voltage-dependenttransfer
length(asextractedfromTLManalysis)andLinstheoverlaplengthofthesourceinsulator
overtheverticaledgeofthesourcecontact. Withinthecrowdedcurentmodel[115],the
transferlengthcanalsobeexpressedas
LT= rCWrCh (7.2)
whererCandrCharethecontactandchannelresistivitiesrespectively.Using
rCh= 1WCdielµVGS−Vth (7.3)
forthechannelresistivity,thegate-voltage-dependenttransferlengthbecomes
LT VGS = rCCdielµVGS−Vth (7.4)
UsingtheefectivemobilityµandthecontactresistivityrCasﬁtparameters,onemayﬁt
thisequationtotheTLMdatapresentedintheprevioussections.Thisisdoneinthelower
sectionsofﬁgure7.14(a)and(b)(redline).Itisfurtherpossibletoinsertthisexpression
intoequ.7.1,soastoobtainanexpressionfortheefectivechannellengthoftheVOFET
whichisgate-voltage-dependent.
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(b) (a) 
Figure7.14.:Measured(blacksquares)andsimulated(lines)transfercharacteristicsof
thecontact-doped(a)andreference(b)devicespresentedinﬁgure7.5.The
simulatedcurvesareproducedbyusingequ.2.3and7.1andassuming
LCh=50nmandLins=3.2µm.Fitparametersfortheredlinesareµ=
0.27cm2V-1s-1andrC=1.66x10-5Ωmforthecontact-dopeddevicein(a)
andµ=0.34cm2V-1s-1andrC=6.46x10-3Ωmforthereferencedevicein
(b).Otherﬁtsareobtainedbyexcludingeitherthetransferlength(blue)or
bothtransferlengthandinsulatoroverlap(greenandpurple)fromequ.7.1.
Thegreenlineisthenobtainedusingalowerverticalmobilityforpentacene,
assuggestedbyref.[231],whilethepurplelinerepresentsthetransfer
characteristicsofaVOFETwiththepreviouslyusedvaluesforμandonly
consideringtheverticalchannellength.Reprintedfromref.[268]
Inthedevicespresentedhere,ithasbeendemonstratedthatLCh LT+Linsandso
chargetransportintheVOFETmaybedominatedbythehorizontaldifusiontransport
nearthegatedielectricinterface,ratherthandrifttransportintheverticalchannel.Ifthis
isthecase,thenitshouldbepossibletomodelthecharacteristicsofaVOFETbythe
standardexpressionderivedfromthegradualchannelapproximation,i.e.byequ.2.3.
Usingequ.7.1and7.4forthechannellengthinthisexpression,thetransfercharacteristics
ofthereferencedeviceandcontact-dopeddevicediscussedinsection7.2.1havebeen
ﬁted.Aleast-squaresalgorithmhasbeenemployedtodeterminethebestﬁtparameters
forµandrCandtheresultsofthisﬁtaredisplayedintheuppersectionsofﬁgure7.14(a)
and(b)(redlines).Itisindeedfoundthattheuseoftheefectivechannellengthdescribes
theobservedtransfercharacteristicsofthesedeviceswel,providedthatoneassumes
anefectivemobilityinthepentacenelayerswhichislowerthanthetypicalymeasured
ﬁeld-efectmobilities.Thebestﬁtparametersareµ=0.27cm2V-1s-1andrC=1.66x
10-5Ωmforthecontact-dopeddevice(ﬁgure7.14(a)andµ=0.34cm2V-1s-1andrC=
6.46x10-3Ωmforthereferencedevice(ﬁgure7.14(b).Themobilitiesobtainedfromthe
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ﬁtareingoodagreementwiththosedeterminedfromthetransfercharacteristicsofthe
equivalentOFETsduringTLM.Figure7.14(a)and(b)furthershowﬁtlinesobtainedby
removingtheLTtermfromequ.7.4(blueline)orbyexcludingbothLTandLinsandusing
onlyLChasefectiveVOFETchannellength.Inthelatercase,ﬁtshavebeenatempted
bothwiththepreviouslyusedvaluesforµ(purpleline)andwithalowermobilityfor
transportthroughtheverticalchannelasapproximatedinapreviouspublication[231]
(greenline).FromtheselaterﬁtsitisimmediatelyobviousthatinclusionofbothLT
andLinsintotheefectivechannellengthisvitalinordertomodelthecorecttransfer
characteristics.This,inturn,isconclusiveproofthattheverticaltransport,evenwhen
consideringtheloweredmobilityforpentaceneinthisdirection[231],isnotthelimiting
factorinthisVOFETgeometry.Inthecaseofaproperﬁtwithvoltage-dependentLTand
LinsasmeasuredbySEM,theﬁtingfunctionsforbothdevicesshowinaccuraciesatlower
VGSduetothelackofLTdataobtainedinthisregion.Nevertheless,thissimplesimulation
ilustratesthatitisindeedpossibletodescribethepresentVOFETgeometryasanOFET,
i.e.bythegradualchannelapproximation,ifonetakesintoaccounttheinsulatoroverlap
andtransferlengthaslimitingparametersfortheefectivetransistorchannellength.
WhiletheVOFETstructure,atﬁrstglance,diferssigniﬁcantlyfromtheconventional
OFET,thepresentconditionofLCh LT+LinsmaybeusedtointerprettheVOFETasa
short-channelOFETwithL≈LT+Lins,wheretransportthroughtheverticalchannelmay
simplybeincludedasalargercontactresistanceatthedrainelectrode.Togetherwith
theexperimentaldatapresentedintheprevioussections,thisnowrepresentsamuch
morecompleteunderstandingoftheVOFETgeometrydiscussedhere,aswelassimilar
geometriespublishedpreviouslybyothergroups[213,214,218,221,227,228,314].Itis
evidentfromthedatathatwhilemanygroupsworkingonsuchVOFETgeometriesclaimto
havereducedtheirdevice’schannellengthto1μmorless,atrulyaccuratedescriptionofa
VOFETcanonlybegivenifthetotaltransportpath,includingespecialythetransferlength
ofthesourcecontactand(ingeometriessimilartothepresentone)theinsulatoroverlap,
isknown.DevicessuchasthoseofStutzmannetal.[214]andParashkovetal.[213,314],
whichemitchargecariersfromaverticalsourceedge,arefreeofhorizontaltransport
contributionsandconsequentlylimitedintheOn-statebyaspace-chargecurentthrough
theverticalchannel,whichresultsintheobservedlossofsaturation(atypicalshort-channel
efect).OnsetsofsuchbehaviourcanalsobeobservedforsufﬁcientlydopedVOFETsof
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thetypepresentedhere,asilustratedbytheoutputcharacteristicsinﬁgures7.4(b)and
7.10(b).Thefactthatﬁgure7.10(b)showsamorepronouncedlackofsaturationthan
ﬁgure7.4(b)maynowalsobeexplainedinthecontextofequ.7.1:Byinsertinga10nm
thicklayerofdopedpentaceneonlyunderneaththesourcecontacts,thegeometryofthe
devicesmayhavechangedinsuchawaythattheshadowingefectduringSiO2deposition
isaltered,resultinginashortersourceinsulatoroverlapinthesedevices.Theabsence
ofshort-channelefectsinaVOFETgeometrymaypointtowardsacomparativelylong
transportpathandinsuchcasesitcertainlyseemsnecessarytoaddressthequestionof
transferlengthandotherhorizontaltransportcontributionstothetotaltransportpathof
thedevice.Inthisrespect,theadditionofpentacenelayersonlyunderneaththesource
contactsmayperhapsbeexploitedasanadditionaltooltoreduceLins.
7.4.SUMMARY
TheimpactofintroducingdopingintoaVOFETgeometryhasbeendiscussedinthis
chapter,bothinthecontextofimprovingVOFETperformanceandasatooltogainabeter
understandingoftheoperationalprinciplesofthisgeometry.Bulkdopingofindividual
semiconductorlayerswithintheVOFETgeometryhasindicatedadominanceoflateral
transportnearthegatedielectricinterfaceoftheVOFET,withaweakercontributionfrom
transportthroughtheverticalchannel.Thisisinaccordancewiththesimulationdataby
theWIASpresentedinthepreviouschapter.
TheuseofselectivecontactdopinghasfurtherclariﬁedtheVOFEToperationmechanism.
AssuggestedalsobytheWIASsimulations,dopinginthevicinityofthedrainelectrode
hasverylitleefectonthedeviceperformance.Ahighlydopedinterfaceatthesource
electrode,however,resultsinasigniﬁcantincreaseinperformance.Usingdatafroma
TLManalysisofequivalentOFETgeometries,thisimprovementisatributedtoareduction
intransferlengthandthusareductioninthetotallateralchargetransportpathinsidethe
VOFET.Finaly,ﬁtingagate-voltage-dependentexpressionforthetransferlengthtothe
obtainedTLMdataandusingthisﬁt,togetherwiththeinsulatoroverlaplengthdetermined
inthepreviouschapter,asanefectivechannellengthafordedtoﬁttheVOFET’stransfer
characteristicstothestandardgradualchannelapproximation.Throughthisﬁtitcanbe
demonstratedthatagoodapproximationtotheoperationalmechanismofthepresent
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VOFET geometry is in fact a standard OFET with the ﬁted efective channel length and a
slightly higher contact resistance at the drain electrode (in order to account for the short
vertical channel, see ﬁgure 7.15).
Gate 
Dielectric 
Source 
L 
RS 
RD 
Drain 
Figure 7.15.:Schematic representation of the VOFET structure with proposed channel
length and contact resistances indicated.
One may conclude from this that a key factor in improving VOFET performance is
the reduction of the device’s transfer length via efﬁcient contact doping, as wel as the
reduction of the insulator overlap length by a more precise structuring and deposition
mechanism. Only when these two characteristic lengths are reduced to the order of 1μm
or less wil the present VOFET (and indeed any vertical transistor of a similar geometry)
truly be a short-channel device and approaching a working mechanism which is dominated
by transport through the vertical channel.
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8.VERTICALORGANICINVERSION
TRANSISTORS
Inthislastresultschapter,thepotentialofinversionmodeoperationintheverticalarchi-
tectureisdiscussed.Usingtheinformationgatheredinthepreviouschapters,aconcept
forinversionmodeoperationinVOFETsisestablishedandtestedinasuitablematerial
system.ThechapterconcludeswithasystematicstudyofhowVOFETparameterscan
becontroledbyinversionmodeoperation.
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The previous chapters have given conclusive proof of the operational principle of the
VOFET architecture. It has been established that the device operates in an accumulation
mode almost identical to that of the conventional OFET and that it is therefore possible to
improve the VOFET’s On-state curent by the same methods as applied in conventional
OFETs, namely control of the transfer length, semiconductor morphology and quality of
the gate dielectric interface. So far, however, the control of other parameters, in particular
the threshold voltage, has not been discussed.
While in some applications, the requirement for the threshold voltage is merely that it
should be as low as possible so as to reduce power consumption, logic circuits based on
a CMOS-like approach may require a more precise control of this parameter. In most of
the vertical transistor architectures presented to date, ﬁne-tuning of speciﬁc parameters is
difﬁcult. Contact doping may be easy to implement into some of these devices, yet this
only provides a limited control over the threshold voltage (see chapter 7). Fine-tuning of
this parameter is hardly possible in these devices, as is also the case for most conventional
OFETs. While in CMOS, MOSFETs operate in inversion mode and the threshold voltage
control is thus achieved by control over the substrate’s doping concentration [30], Brondijk
et al.have argued that transfer of this concept into organic electronics is not possible,
as the inefﬁcient injection of minority charge cariers in OFETs prevents inversion mode
operation [315]. In particular, they showed that electron curents cannot be obtained in
p-doped P3HT OFETs, thus excluding the formation of an inversion layer in the OFET
channel region.
(a) (b) 
Gate 
Dielectric 
Semiconductor 
Source Drain 
n-doped substrate 
Gate 
Dielectric 
Depletion zone 
Pinch-of n-doped layer 
p-doped layer 
Figure 8.1.:(a) Schematic representation of a classical inversion mode MOSFET in satur-
ation. The depletion zone around the p-doped contacts is indicated in dark
green, the pinched-of p-channel is indicated in red. (b) Equivalent inversion
OFET published by Lüssemet al.
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In2013,Lüssemetal.proposedanalternativeapproachtorealisinginversionmode
operationinorganicsemiconductors[100,312]:Ratherthandopingtheentiresemicon-
ductorbulk,asatemptedbyBrondijketal.[315],Lüssemetal.[312]andlaterLiuet
al.[100]dopedonlythechannelregionclosetothedielectricinterface.Byplacingan
n-dopedchannellayerinanormalyp-typepentaceneOFETandaddinginjectionlayersof
p-dopedpentacene,theywereabletocreatesufﬁcientinjectionofholesintothen-doped
layeratthedielectricinterface,thusinvertingspeciﬁcalythislayer,whilekeepingthe
semiconductorbulkunchanged. Withoutadetailedcharacterisatione.g.byAFM,itis
arguablewhetherthe6nm-thinn-dopedpentacenelayerusedbyLüssemetal.does
indeedformaclosedlayer1,thusnecessitatinginversionfortheobservedholecurent,or
whethertheobservedholecurentisactualytransportedthroughanetworkofintrinsic
pentacenegrainslocatedin-betweenn-dopedregions(whichmightthenmerelyactas
additionaltrapsites).Nevertheless,bothLüssemetal.andLiuetal.wereabletocontrol
thethresholdvoltageoftheirOFETsbyadjustingthedopingconcentrationofthisn-doped
layer,thusfacilitatingtheefectultimatelydesiredininversionmodeoperation.
ApplyingthisconcepttothepresentVOFETgeometryshouldthereforefacilitatesimilar
controloverthethresholdvoltageand,whencombinedwiththeimprovementsdetailedin
previouschapters,mayoferthepotentialfortruehigh-performancedeviceswithﬁnely
tuneableparameters.
8.1.DISCUSSIONOFSUITABLEMATERIALSYSTEMS
WhenfolowingtheconceptofLüssemetal.torealiseanorganicinversiontransistor,the
rightchoiceoforganicmaterialsiscrucial:Anorganicsemiconductormustbefoundwhich
caneasilybeincorporatedintotheVOFETmanufacturingprocess,hasgoodtransport
propertiesinitsintrinsicstateandcanbedopedwithbothn-typeandp-typedopants,so
astoalowfortheformationofaninversionlayerandtheefﬁcientinjectionofminority
cariersintothislayer.BothLüssemetal.andLiuetal.chosepentacene(P5)astheactive
materialofap-typeinversionOFET,asitcaneasilybep-doped,e.g.byF6-TCNNQ[244],
andn-doped,e.g.byW2(hpp)4[244]andprovidesgoodholetransportparametersinits
intrinsicstate.
ThesystemP5:W2(hpp)4,however,isnotair-stable,astheveryshalowHOMOof
1Itisgeneralybelievedthatpentaceneonlybeginstoformclosedlayerswelabove10nm.
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absolute intensities of diferent spot areas of the same sample
can be compared quantitatively.
3 Conductivity and Seebeck measurementsA
30 nm thick doped layer of C60and W2(hpp)4at a molar ratioof 4 wt% (MR¼0.033) is prepared and investigatedin situ.
First, the layer is thermaly annealed at 1208C for 1 h
to ensure comparable conditions for al later measurements.
Afterwards, the sample is cooled to 258C and the
conductivity is measured tos¼1:88 S=cm. Next, it is
removed from vacuum and exposed to air for 16 min,
continuously probing the conductivity [compare Fig. 1(a)].
A rapid drop by 5 orders of magnitude down to a value
ofs¼1:7 105S=cm is observed. Such a conductivity
decrease has been reported in literature for metal doped C60and is atributed to the formation of deep oxygen-related
electron traps [12], which are further corelated to the
formation of fulerene ferites by O2bridges [13]. Addition-aly, the charge carier mobility in C60sufers from airexposure by several orders of magnitude [14]. Therefore,
the drop in conductivity does not necessarily mean that the
n-doping is destroyed by a degradation of W2(hpp)4due tooxidation in air.
After this experiment, the vacuum chamber with the
sample is evacuated again. Upon evacuation the conductivity
increases tos¼2:1 103S=cm at a pressure of 2 107
mbar, as seen in Fig. 1(b). Hence, 0.1% of the initial
conductivity is restored by the vacuum, indicating that the
molecular n-doping is stil intact. By slowly heating the
sample up to 1208C, the conductivity is restored even
further [cf. Fig. 1(c)]. Applying several cycles of heating to
1208C and cooling down to room temperature, the
conductivity saturates ats¼0:60 S=cm, which is 1/3 of
its initial value. The annealing of oxygen and hydrogen
related electron traps in C60has already been measured bythermaly stimulated curent technique and validated by an
enhanced OFET mobility of 4 orders of magnitude when
thermaly annealed after air exposure [15]. Since the
conductivity of the n-doped C60ﬁlm is restored to morethan 30%, we conclude that the n-doping is at least partly
intact during the exposure to air and only compensated by
oxygen related traps and p-doping efects.
By extending the air exposure time to 3 h, the
conductivity drops tos¼6:6 107S=cm. Re-evacuating
the vacuum chamber leads to a conductivity ofs¼2:3
105S=cm and further heat treatment of the sampleﬁnaly
recovers the conductivity tos¼0:03 S=cm. Hence, the
much longer air exposure reduces theﬁnal conductivity by
an additional factor of 20, but is stil close to the value of a
freshly fabricated and annealed C60layer doped by the air-stable pre-cursor acridine orange base (AOB) [10].
Before and after each air exposure, the temperature
dependency of the conductivity is probed and Seebeck
measurements are performed. In the range of 25–708C the
conductivity is found to be thermaly activated by
s¼s0 exp Eact;skBT ; ð1Þ
which is in agreement with earlier studies [4]. The Seebeck
coefﬁcientSat a mean temperature (Tm¼408C) iscorelated to the energetic diferenceESbetween the FermilevelEFand a median transport energyETr[16, 17] via
ES¼ETr EF¼eTm Sjj; ð2Þ
and thus a direct measure for the density of free electrons
generated by molecular n-doping. 16 min of air exposure
increaseESby 8.8 meV to 82.3 meV and the secondexposure of 3 h leads to a gain ofESby another 28.0 meV.The increased Seebeck energies corespond to an increased
diference between the Fermi level and the transport energy
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Figure 1Conductivity of a C60thinﬁlm n-doped by 4 wt% of W2(hpp)4(MR¼0.033). (a) Freshly prepared and annealed at 1208C(t¼0, measured at 258C) folowed by an air exposure for 16 min, (b) during re-evacuating to high-vacuum conditions, and (c) during
ﬁnal annealing in vacuum.
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Figure8.2.:Conductivityof C60thinﬁl -dopedby4wt%ofW2(hpp)4(MR=0.033).
(a)Freshlypreparedandannealedat120°C(t=0,measuredat25°C)folowed
byanairexposurefor16min,(b)duringre-evacuatingtohigh-vacuumcondi-
tions,and(c)duringﬁnalannealinginvacuum.Reprintedfromref.[316]with
permissionofWiley.
W2(hpp)4(seetable4.2)causesanimmediatedecompositionofmostdopantmolecules
uponexposuretooxygen.ThissystemisthereforeunsuitabletobeusedinaVOFET
geometry,asthedopingefectofann-dopedinversionlayernearthedielectricinterface
wouldbelostduringthephotolithographyprocesses.InvestigationsofTietzeetal.on
thesystemC60:W2(hpp)4suggestthatacertainamountofdopantcansurvivethisinitial
degradationprocessthroughself-passivation,sothatadopingefectcanberecovered
throughannealing(seeFigure8.2). AccordingtoTietzeetal.,thenumberofdopant
moleculeswhichareprotectedviathismechanismcanbeincreasedbychoosingmatrix
materialswithdeeper-lyingenergylevels.Apotentialreplacementforpentacenemay
thereforebeDNTT(seetable4.1),whosetransportpropertiesaresimilartothoseof
pentacene,butwhichhasconsiderablydeeperHOMOlevelduetoitsnon-linearstructure
[236].However,withanopticalgapof3.0eV(comparedto1.8eVforpentacene),itis
questionablewhetherDNTTcanbedopedbyW2(hpp)4andwhetherthissystemisthen
indeedmoreair-stable.
Figure8.3showstheconductivityofa20nm-thickﬁlmofDNTT:W2(hpp)4asafunction
oftime.Theinitialconductivityisdeterminedtobeapproximately3x10-6Scm-1invacuum.
Aftertransferingthesampletoanitrogengloveboxatt=800sthemeasuredconductivity
beginstodecrease. Att=1950sthesampleisexposedtoair. Atthisstage,the
conductivitydecaysbelowtheresolutionlimitoftheSMUusedforthemeasurement.This
dataclearlyindicatesthatwhileDNTTitselfismoreair-stablethanpentaceneduetoits
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Figure8.3.:Conductivityversustimeforasampleof20nmDNTT,dopedwith7wt%of
W2(hpp)4.MeasurementbyMartinSchwarzeandOlkaKaveh,IAPP.
deeperHOMO,thisdeepHOMOdoesnotprovidesufﬁcientprotectionforthedopantas
proposedbyTietzeetal.,neitheristheinitialchargetransferprocessfromW2(hpp)4into
theDNTTLUMOefﬁcientenoughtoprovidegoodelectronconductivityeveninvacuum.
ThesystemDNTT:W2(hpp)4isconsequentlynotsuitableasann-dopedinversionlayerfor
inversionVOFETs.
Instead,weuseamatrixmaterialwhichhasalreadybeendemonstratedtoprovidewel-
functioningVOFETs:theBuckminsterfulereneC60,whichhasbeenusedbyKleemannet
al.todemonstraten-typeVOFETswithgoodperformanceandwhichishighlycompatible
withthephotolithographyprocess[90,230].Thesphericalshapeofthismoleculeand
theresultantstackingpropertiesensurethatthelayermorphologyofdopedC60difers
verylitlefromtheintrinsicmaterial,whichisbeneﬁcialfortheVOFETgeometry.Fur-
thermore,C60formsclosedlayersalreadyatalayerthicknessofapproximately5nm,as
indicatedbyconductivitymeasurements[317].Recently,Leeetal.haveshownthatitis
possibletoachieveefﬁcientholetransportinthenormalyn-typeC60bydopingwithhigh
concentrationsofMoO3[65].Itshouldthereforebepossibletofabricaten-typeVOFETs
withastronglyp-dopedinversionlayer,wheretheactivematerialisC60.Ifonewants
toemploycontactdopingtoenhanceinjection,onedoesofcoursefacethesameissue
ofﬁndingair-stablen-dopantsagain.However,asdemonstratedbyKleemannetal.,the
injectionofelectronsfromAuelectrodesintointrinsicC60isefﬁcientenoughtoprovide
highcurentsinVOFETsandmaythereforenotneedtobeimprovedfurtherinorderto
realiseinversionVOFETs.Furthermore,theworkfunctionofAuisapproximatelyhalf-way
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betweentheLUMOandHOMOofC60(Auworkfunction=5.1eV,C60HOMO=6.4eV,
C60LUMO=4.0eV[239,318,319]),theinjectionbariersforbothcariertypesarethus
roughlycomparable,alowingforboth(majorityandminority)cariertypestobeinjected
intothedopedinversionlayer.
8.2.REALISINGINVERSIONVOFETS2
FolowingthediscussionintheprevioussectionandalsotheapproachofLüssemetal.,it
isvitaltocheckthataccumulationofbothminorityandmajoritycariersisindeedpossible
withinthedopedinversionlayer.Itmustfurtherbeinvestigatedhowthisaccumulation
behaviourdependsonthethicknessanddopingconcentrationofthep-dopedinversion
layer.Thisisdonebybuildingaseriesofm-i-sstacks(seechapter4)withthesamelayer
stackastheinversionVOFETwilhaveunderneaththesourceelectrode,i.e.intheregion
relevantforaccumulation.Thism-i-sstack,alongwiththeproposedinversionVOFET,is
Gate 
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Semiconductor 
Source 
(a) (b) 
p-doped layer 
showninﬁgure8.4.
Figure8.4.:(a)Deviceschematicofthem-i-scapacitorsusedforCVcharacterisationand
(b)deviceschematicoftheVOFETwithap-dopedlayerforinversionoperation.
Them-i-scapacitorsarebuiltonthesamesubstratetypeastheVOFETs(seechapter4),
soastoensurecomparabilitybetweenthetwodevicetypes.Al m-i-scapacitorsamples
arepreparedinasingleruninthesingle-chamberUHVtoolandareneverexposedtoair
priortocharacterisationtopreventadditionalp-dopingbyoxygen.Thisisalsoparticularly
necessaryastheenergylevelsofMoO3shiftuponcontactwithair.Theoriginallevelscan
berecoveredviaannealing[65].
Inordertocharacterisetheaccumulationbehaviourinsidetheinversionlayer,capacit-
2Mostofthetextandﬁgurespresentedinthissectionhavepreviouslybeenpublishedinref.[320].
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(b) (a) 
Figure8.5.:CVcharacteristicsof(a)sampleswithaﬁxeddopinglayerthicknessof5nm
andvaryingdopingconcentrationsofMoO3and(b)sampleswithaﬁxedMoO3
concentrationof30mol%andvaryingdopinglayerthicknesses(withconstant
dtot).Theturn-overpointbetweenmajoritycarieraccumulationanddepletion
ismarkedasadashedlineandareferencedevicewithoutap-dopedC60layer
isshownasablackline.
ance-voltagespectroscopy(CV)isperformedonthem-i-scapacitorstacks.CVcurvesare
obtainedatafrequencyof100kHzandanamplitudeof50mV.TheDCvoltageisapplied
totheinjectingtopcontact,whilethesubstrate,i.e.thebackcontact,iskeptatground
potential.Thetotalcapacitanceperunitareaofthem-i-sstackcanbeapproximatedas
1
C=
1
Cdiel+
1
Cinv+
1
Csemi=
ddiel
ε0εdiel+
VSG
nd+
dtot−d
ε0εsemi, (8.1)
whereCdiel,CinvandCsemiarethecapacitancesperunitareaofthegateoxide,inversion
layerandintrinsicsemiconductorlayer.nisthechargecarierdensityinsidetheinversion
layer,whichdependsonthedopingconcentration,ddiel,danddtotaretheoxide,inversion
layerandtotalsemiconductorthicknessesandalothervariableshavethesamemeaning
asinthepreviouschapters.Ascanbeobservedinﬁgure8.5,thetotalcapacitancevaries
noticeablybetweentheindividualsamples.Thisisatributedtothevariationpredicted
byequation8.1aswelasvariationsindtotduetodopantadditionandsmalvariationsin
deviceareaduetoprocessingconditions.
Theapplicationofapositivevoltagetotheinjectingcontactresultsintheaccumulation
ofholesattheinterfacebetweenthep-dopedC60andtheunderlyingAl2O3.Thishole
accumulationefectisobservednotonlyforthesampleswithap-dopedlayer,butto
acertainextentalsofortheundopedreferencesample,showninblack.Thiscanbe
atributedtotheprocessingconditionsinthechamber:Alsampleswerepreparedina
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singlerunandeventhoughawedgingtoolcoveredthereferencesamplesduringMoO3
deposition,aslightMoO3contaminationofthereferencesamplesispossible.Applyinga
negativevoltagetotheinjectioncontactinsteadaccumulateselectronsatthedielectric
interface,i.e.theinversionregimeisreached.Theturn-overpointbetweentheseregimes
ismarkedinﬁgure8.5asadashedlineforeachsample.Asthedopingconcentration
ordopinglayerthicknessatthedielectricinterfaceisincreasedinacontroledmanner,
oneobservesashiftoftheturn-overpoints,astypicalyobservedforMOSFETswitha
high-frequencytestsignal[30].Theinversionregimecanonlypartlyberesolvedinhighly
dopedsamplesduetoexperimentallimitations:Thecharacterisationtoolusedforthe
CVmeasurementsislimitedtothevoltageregimeinvestigatedhereandlowfrequency
measurements(whichtypicalyshowaclearaccumulationofminoritycariersininversion
MOSFETs)couldnotproducereliableresultsduetothenoiselevelinandaroundthe
glovebox.n-typecontactdopingwouldnormalybeemployedinsuchacasetoenhance
theinjectionofminoritychargecariersandthusmaketheinversionregimemorevisible.
This,however,wouldonceagainnecessitateanair-stablen-dopantforC603.Nevertheless,
ﬁgure8.5clearlyshowsthatitispossibletodepletethep-dopedinversionlayerandthus
alowforaccumulationofminorityelectronsinstead.Inversionmodeoperationofann-type
C60VOFETwithap-dopedlayeratthegatedielectricinterfaceshouldthusbepossible.
ToinvestigatetheefectsoftheinversionlayerontheworkingVOFET,thetransfer
characteristicsofaseriesofVOFETswiththesamep-dopedlayersaremeasuredinthe
saturationregime.ThetransistorthresholdvoltageVth,whichcanbeextractedfromthese
transfercharacteristics,isexpectedtodependonthedensityofactivateddopantsNA(c)
andonthedopinglayerthicknessdaccordingto
Vth=VFB+eNA(c)dCdiel , (8.2)
whereVFBisthetransistorﬂatbandvoltage,cthedopingconcentrationandetheele-
mentarycharge[312].Toobtaintransfercharacteristics,VGSissweptinthesamewayas
fortheCVmeasurement.
3TheannealingstepsuggestedbyTietzeetal.isanoptiononlyifthetotalairexposuretimeduringVOFET
processingisreduced.Theprocedurefolowedinthisthesisinvolvestwoprocessingstepsinairwhich
eachlastupto90min.Figure8.2(a)suggestsastrongdecayofconductivityforsuchtimes,whichmay
notbefulyrecoveredbyannealing.
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(b) (a) 
Figure8.6.:(a)TransfercurvesofVOFETswithaﬁxeddopinglayerthicknessof5nmand
varyingdopingconcentrationsofMoO3.TheappliedVDSis6V.(b)Output
characteristicsofthesameVOFETsatVGS=6V.Referencedeviceswithouta
p-dopedC60
(b) (a) 
layerareshownasblacklinesinbothcases.
Figure8.7.:(a)TransfercurvesofVOFETswithaﬁxeddopinglayerconcentrationof
30mol%andvaryingdopinglayerthickness.TheappliedVDSis8V.(b)Output
characteristicsofthesameVOFETsatVGS=8V.Referencedeviceswithouta
p-dopedC60layerareshownasblacklinesinbothcases.
Figures8.6(a)and8.8(a)showacontroledthresholdvoltageshiftwithincreasingdoping
concentrationintheinversionchannel.Thissameefectwaspreviouslydemonstrated
byLüssemetal.[312].It maybenotedthattheVthdeterminedfromthetransfer
characteristicsisnotidenticaltotheturn-overpointmarkedintheCVcurvesinﬁgure8.5.
Thisisatributedtodiferencesinprocessingconditionsandslightvariationsindielectric
thickness(substratesform-i-sstackswereproducedatIAPP,thoseforVOFETsatIHM,
seechapter4).Itcanfurtherbeshownthatthethresholdvoltageisshiftedtowardshigher
voltagesbyanincreasedthicknessofthedopedlayer,assuggestedbyequ.8.2.Ascanbe
observedfromﬁgures8.7(a)and8.8(a),achangeinlayerthicknessdoesinfactproduce
amoresystematicthresholdvoltageshiftthanachangeindopingconcentration,aslayer
thicknessismoreeasilycontroledthandopingconcentration,atleastforthesystem
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C60:MoO3intheevaporationsystemusedforthedepositionoftheinversionlayer4.The
outputcharacteristicsofthissetoftransistorsadditionalyexhibitacertaindegreeofbias
stressintheformofdecreasingIDinthesaturationregime(seeﬁgure8.7(b),anefect
whichislesspronouncedinﬁgure8.6(b).Thisbiasstressismostlikelyrelatedtoproton
migrationorOH-iondifusionintothedielectric,assuggestedbyColéauxetal.
(b) (a) 
[321].
Figure8.8.:Thresholdvoltage(a)andOn/Ofratio(b)asafunctionofdopingconcentration
anddopinglayerthicknessforatleastthreedevicespersample.Boxareas
representtheintervalof25%to75%ofthedatadistribution,whiskersdenote
themaximumandminimumvaluesofthedistribution.Thehorizontalblack
lineswithintheboxesrepresentthemeanvalueofthedistribution.Fora
concentrationof50mol%,nodatacouldbeextracted,asisvisiblefromthe
lackofswitchingbehaviourinﬁgure8.6.
Theseﬁndings,togetherwiththeCVmeasurements,arefurtherproofthattheVth
shiftisduetoanincreasednumberofholesnearthegatedielectricinterface,resulting
fromthep-dopingefectofMoO3inC60.Oncetheholesaredepletedfromthedoped
layer,itispossibletoaccumulateelectronsatthegatedielectricinterfaceinthesameway
asinthereferenceVOFET.Theprecisevoltageatwhichthisturn-overhappens,i.e.Vth,
isdeterminedbytheamountofholesinthep-dopedlayer.Aﬁttoequ.8.2(seeﬁgure
8.9)yieldstransistorﬂatbandvoltagesVFBof1.85Vand0.82Vfortheconcentrationand
thicknessvariationseriesrespectively.Inthecaseofthethicknessvariationwithc=
30mol%,adensityofactivateddopantsNA(c)≈5x1018cm-3isgivenbytheﬁt,whichis
similartothedensityofactivateddopantsfoundbyLüssemetal.[312]andsuggestsa
verylowdopingefﬁciencyofMoO3inC60(<1%),asindicatedbyLeeetal.[65].
4ThemaximumdepositionrateachievableforC60inthissystemwas0.2Å/s,thustheevaporationrateof
MoO3hadtobekeptverylowinordertorealiselowdopingconcentrations.Precisecontrolatsuchlow
valueswasdifﬁcult,astheevaporationofMoO3powderfromametalevaporator(seechapter4)ismuch
lesshomogeneousandcontroledthane.g.thatofC60fromacrucible.
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Figure8.9.:MeanvaluesforVthasafunctionofdopinglayerconcentrationcanddoping
layerthicknessd(blacksquares),extractedfromﬁgure8.8(a).Fitsforthis
datatoequ.8.2areindicatedasredlines.
Thepresenteddatasuggestsanotherbeneﬁtoftheinversionoperationwhichhasnot
beendemonstratedbefore:Thep-dopinglayeratthegatedielectricinterfacealowsfor
controloftheOf-statecurent.Asisvisibleinﬁgure8.6,acomparablysmal MoO3
concentrationof20mol%doesnotyetafectthethresholdvoltagemuch,butresultsin
thepresenceofasmalamountofholesnearthegatedielectricinterface.Thisleads
tocarierrecombinationwiththeelectronsleakingoutofthesourceelectrodeinthe
transistor’sOf-state.ThisefectreducestheOf-statecurentwhilehavingonlyaslight
efectontheOn-statecurent.Ifcombinedwithanefﬁcientdopantinter-layerasinjection
boosteratthesource(seechapter7),thisefectcouldprovideausefultooltoenhance
theOn/OfratioinVOFETs.AshigherMoO3concentrationsintroducemoreholesinto
thep-dopedlayer,however,therearenolongersufﬁcientamountsofelectronsfromthe
source-drainleakagecurenttorecombinewith,thustheholesthemselvesnowforma
considerableleakagecurentintheOf-stateofthetransistor,ascanbeseenparticularly
welforanMoO3concentrationof50mol%oradopedlayerthicknessof10nm.
8.3.SUMMARY
Theresultspresentedinthischaptershowthatverticalorganicﬁeld-efecttransistors
canbeimprovedbyusingtheinversionoperationconcept. Variationsinthedoping
concentrationorlayerthicknessofap-dopedlayerinann-typeVOFETcancontrolthe
thresholdvoltageandOf-statecurentofthedevice,withthelayerthicknessvariation
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producingaparticularlycontroledshiftoftheseparameters.Indeed,thereductionof
leakagecurents,andthusthepotentialforimprovingtheOn/Ofratio,isanespecialy
interestingfeatureofthisoperation,sinceleakagecurentsareanissueoftenfaced
inshort-channeldevices.Ifanair-stablen-dopantcanbeincorporatedintotheVOFET
manufacturingprocessorprocessingcanbedonewithoutcontacttoairinthefuture,the
combinationofinversionmodeoperationandtheinter-layercontactdopingpresentedin
thepreviouschapterwilpresentasetofpowerfultoolsforthecontroledmanipulationand
improvementofVOFETs,facilitatingthresholdvoltagecontrolandveryhighOn/Ofratios.
ThesetwomechanismscombinedcanprovidetheboostforVOFETsrequiredtomake
themtrueshort-channelhigh-performancedevicessuitableforawiderangeofelectronics
applications.
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9.CONCLUSIONANDOUTLOOK
Theresultsobtainedinthepreviouschapterswilbrieﬂybesummarisedonceagainin
thislastchapterofthethesisandtheirapplicabilitytootherVOFETgeometrieswilbe
discussed.Lastly,suggestionswilbemadeconcerningthefurtherimprovementand
beterunderstandingoftheVOFET.
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9.1.CONCLUSION
Theaimofthisthesiswastoprovideabeterunderstandingoftheoperationalprinciples
oftheVOFETgeometrypublishedbyKleemannetal.in2013[230]. Thishasbeen
accomplishedthroughacombinationofexperimentsandsimulations:Acloserlookatthe
manufacturingprocessoftheVOFETinchapter5hashighlightedtheimportanceofthe
sourceinsulator,itsgeometry,materialqualityanddepositiontechnique.Thelaterhas
beenfoundtobeofparticularimportance,asaninvasivedepositiontechnique,suchas
sputeringorthermalALDathighT,maydamagetheunderlyingorganicsemiconductor
layerandthusleadtoadecreaseintransistorperformance.Thedrift-difusionsimulations
presentedinchapter6conﬁrmedtheinﬂuenceofthislowersemiconductorlayeron
chargetransport.Here,itwasshownthatchargecariersareemitedprimarilyfromthe
botomsurfaceofthesourceelectrodeandthusdifusethroughthelowersemiconductor
layerbeforeformingaconductiveverticalchanneldirectlyatthesourceinsulatoredge.
Thelengthofthisdifusionpathisdeterminedbythelengthofthesourceinsulator’s
overlapovertheverticaledgeofthesourceelectrode,whichwasmeasuredwithelectron
microscopytobeapproximately3µm-4µmforrealVOFETs.Thesimulationshowed
thatthislongoverlapisindeedbeneﬁcialfortheOn/Ofratioofthedevice,whilea
completelackofsourceinsulatoroverlapresultsinalowOn/Ofratioduetoadditional
anduncontroledchargecarieremissionfromtheverticaledgeofthesourcealsointhe
Of-state.
Throughvariationsofthegateanddrainbias,thelinear(|VDS|<|VGS−Vth|)andsat-
uration(|VDS|>|VGS−Vth|)regimeswerealsoinvestigatedinthesimulation.Itwas
foundthatthelinearregimeoftheVOFETisalmostidenticaltothatofaconventional
OFET,aschargecariershereaccumulateatthegatedielectricinterfacebeforedrifting
throughtheverticalchannel.Furthermore,thetotalcurentinthisregimewasfoundto
belimitedbythevolumeofsemiconductoravailableforchargetransportinthevertical
channel,whichleadstoasaturationofthetransfercharacteristicsathighVGSwherethe
entiresemiconductorbulkisusedtoconducttheverticalchannelcurent.Byvarying
thelengthoftheverticalchannelaswelasthemobilityinthisregime,thisefectwas
resolvedinmoredetail:For|VDS| |VGS−Vth|,theVOFETislimitedbyanSCLCregime
intheverticalchannelduetothehighcarierdensityandefﬁcientdifusiontransportin
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thebotomsemiconductorlayer.At|VDS|<|VGS−Vth|,thisresolvesintothewel-known
linearOFETregime.Thesaturationregimewith|VDS|>|VGS−Vth|difersslightlyfromthe
standardOFETbehaviour.Althoughthegradualchannelapproximationseemstohold,the
simulationshowedthatchargeaccumulationinthisregimeactualytakesplacenotatthe
dielectricinterface,butatthesourceinsulatorinterface.Inthisregime,theverticalchannel
alsobecomesnaroweragainduetothestrongerpulofthedrainﬁeld.Thisbehaviour
inthesimulationswasalsoreplicatedinexperimentsbyusinglight-emitingVOFETsto
visualisetheverticalchannelformation.
WiththismuchmorethoroughunderstandingoftheVOFET’soperationalprinciplesit
waspossibletomanipulatetheVOFETperformanceinacontroledmanner:Byapplying
theconceptofmoleculardopingtotheVOFET’sdiferentregions,itwaspossibleto
showthatselectivedopingofthesourcecontactcansigniﬁcantlyimprovechargecarier
injectionandthustheVOFET’sOn-statecurentandOn/Ofratio,whiledopingofthedrain
electrodehasnoefect.Itwasthusconcludedthatincontrasttothesimulation,where
ohmicinjectionhasbeenassumed,therealVOFETisstronglyinjection-limitedduetothe
Schotkybarierbetweenthesource(madeofAu)andthesemiconductor(pentacene).
Bydopingthedirectvicinityofthemetal,thedepletionregionattheSchotkybarier
isreducedandinjectionviatunnelingthusenhanced.Dopingthebulkoftheorganic
semiconductorunderneathorabovethesourceelectrode,however,hasalessbeneﬁcial
efect,mostlikelyduetothelargenumberofioniseddopantmoleculesandresultant
scateringandshieldingefects.Selectivedopingofthevicinityofthegatedielectric
interface,ontheotherhand,alowedtodemonstratefortheﬁrsttimeinversionmode
operationinaverticalorganictransistorbyaccumulatingminoritychargecariersinthis
dopedregion.Byvaryingeitherthedopingconcentrationorthedopinglayerthickness
insuchinversionmodeVOFETs,itispossibletocontrolthethresholdvoltageand-toa
certainextent-alsotheOf-statecurentofthedevice.Fromtheseexperimentalﬁndings
itwasﬁnalyconcludedthatthepresentVOFETgeometryresemblesaconventionalOFET
inenoughaspectstousethegradualchannelapproximationasaﬁrst,roughapproximation
alsofortheVOFET.
Theideaswhichhavebeenputforwardinthisthesisregardingthedetailedoperational
principleoftheVOFETgeometryaremostlikelyalsoapplicabletothecloselyrelated
step-edgedevices(seechapter3)andthereforeprovideageneralframeworktodescribe
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theoperationofanyverticalorganictransistorarchitecturewhichreliesonasimilar
ﬁeld-efectconcept.ItisbelievedthatthisframeworkmayevenbeappliedtoOSBTs,
asthesedevicesmostlyresembleaVOFETwithoutabotomsemiconductorlayerand
withoutasourceinsulatoroverlap. Workingfromthisanalogy,theverticalchannelinsuch
OSBTsshouldalsoformdirectlyattheverticalsourceedge,aspredictedforaVOFET
withoutaninsulatoroverlap(seechapter6).Thisassumption,however,contradictsthe
ﬁndingsofBen-Sassonetal.,whosesimulationsoftheOSBTsuggestachannelformation
inthecentreofthesourceopeningsratherthantheedges[203].Adirectcomparisonof
Ben-Sasson’sworkwithanOSBTsimulatedbytheWIASteammaythereforebenecessary
inordertoclarifythismater.Fordeviceswhichrelyonachargecarierinjectionand
transportmechanismsimilartothoseoftheVOFET,theselectivedopingapproaches
discussedaboveprovideacompletesetoftoolstotailortheparametersofthevertical
devicetospeciﬁcapplications.
9.2.OUTLOOK
WhilethisthesisprovidesaqualitativeunderstandingoftheVOFET’soperationalprinciples,
aswelasmethodstoimprovetheVOFET’soperation,ithasalsobecomeclearthatthe
curentVOFETdesign,assuggestedbyKleemannetal.[230],isstillimitednotonly
bychargecarierinjectionfromthesourceelectrode,butalsobythelateraldifusion
transportunderneaththesourceelectrode.Thismakesthedevicerathermoresimilartoa
conventionalOFETthanwouldbedesirableforshort-channeldevicesandhigh-performance
applications.FutureworkontheVOFETmustthereforeaddressthislimitationbyoptimising
ﬁrstofalthesourceinsulatoroverlapgeometry. Aconsiderablyshorteroverlapof
lessthan1µmmayperhapsbeachievedwithamorecarefulundercutcontrolduring
photolithography(perhapswithadiferentﬂuorinatedresist),diferentdepositionconditions
orevenaninsulatingSAM.Thelater,inparticular,mightalsobecombinedwithorganic
insulatorssuchasTTCtodecreasetheamountofinvasiveprocessingproceduresandto
thusincreasetheyieldduringprocessing,aswelasthequalityoftheﬁnisheddevices.
Fromamaterialscienceandengineeringpointofview,muchmaterialandgeometry
optimisationcanofcoursebedoneinordertotailortheVOFETtomarketapplications
suchasAMOLEDcontrolmatricesorintegratedcircuitsfore.g.RFIDtags,wherehigh
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On/Ofratios,highswitchingfrequenciesandgoodthresholdvoltagecontrolaredesirable.
Fromaphysicist’spointofview,however,anotherinterestingtopicmaybethemore
detailedinvestigationoftheVOFET’ssaturationregime,whereathighdrainbiasthe
accumulationlayerunderneaththesourceshouldmoveuptowardsthesourceinsulator
interfaceaccordingtothesimulationdata.Sincenoclearindicatorforthisefecthasso
farbeenfoundinexperiments,amorethoroughinvestigationofthismatercouldyield
interestingresults,aswelasabeterunderstandingofthecomparabilityofsimulation
andrealdevice.
InordertogainabeterunderstandingoftheVOFET’ssuitabilityfordiferentapplica-
tions,afulhigh-frequencycharacterisationaswelasbiasstresstestswilalsobecome
necessary.Suchmeasurementswilcertainlyopenupnewroutesfordeviceoptimisation,
aswelasposingnewandinterestingquestions.Especialythetopicofbiasstressis
generalynotverywelunderstood,alsoforthecaseofOFETs,andmaybemorecomplex
inverticalarchitectures.Here,too,dopingmayprovetobeausefultool,asithaspreviously
beenshowntocounteracttheefectsofbiasstressinOFETs[307].
Ifsuchimprovementsaremade,thenverticalorganicﬁeld-efecttransistorsmaynot
onlysurpassconventionalOFETsintermsofinitialperformanceandstability,butmayalso
becometrulysuccessfulorganicelectronicsdevicescapableofbridgingthegapbetween
low-costmanufacturingandhighperformance.
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A.XRDSPECTRAOFPENTACENE
FILMS
223

X-raydifraction(XRD)measurementswereperformedbyDr.LutzWildeoftheCenter
NanoelectronicTechnologies(FraunhoferInstituteforPhotonicMicrosystems,Dresden).
Forthesemeasurements,pentaceneﬁlmsofvaryingthicknessweredepositedonSi
substrateswith30nmAl2O3atdiferentdepositionrates.TheXRDspectraobtainedby
(a) (b) 
Dr.LutzWildewereanalysedbyDr.ChrisElschner(formerlyofIAPP).
FigureA.1.:XRDspectraofpentaceneﬁlmsonSiwaferscoatedwith30nmAl2O3:(a)
Variationofdepositionrateataconstantlayerthicknessof20nmand(b)
variationoflayerthicknessataconstantdepositionrateof1.5Å/s.
Thenoticeablepeaknear5.6°inthesespectrawasidentiﬁedtobetheBraggpeakof
pentacene’sthinﬁlmphase(001)[322],whilesmalerpeaksoriginatefromtheunderlying
substratesandareidenticalforalsamples.AsisvisibleinﬁgureA.1(a),avariationin
depositionratehasnoefectonpentacene’sBraggpeak,indicatingthatthecrystalinityof
thepentaceneﬁlmisunafectedbythedepositionrate.Forthecaseofalayerthickness
variation,theBraggpeak’sintensityincreasesforincreasinglayerthicknessduetostronger
reﬂectionsfromtheincreasedamountofmaterial(seeﬁgureA.1(b).Onemayfurther
observethatthewidthofthepeakdecreasesslightlyforthickerﬁlms,indicatingslightly
highercrystalineorderinthethinﬁlmphase.Aclearonsetofthebulkphasepeakcannot
beobservedhereasthepentacenelayerisstiltoothintomakethispeakvisible[322].
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B.ADDITIONALSIMULATIONDATA
227

The VOFET simulation data provided by Dr. Duy Hai Doan from WIAS has been analysed in
chapter 6. This data was originaly provided in complex ﬁle structures which are unsuitable
for direct ploting in standard graphing software such as Gnuplot or Origin. Using a script
writen by Felix Kaschura (IAPP), it is possible to extract line proﬁles in the horizontal
x-direction or verticaly-direction for any given variable for which the WIAS simulation
provides data. In this manner, line proﬁles of the charge carier density and electric
potential distribution were extracted for diferent gate bias conditions in the simulated
VOFET geometry with a 50 nm source insulator overlap.
In addition to the data shown in chapter 6, horizontal line proﬁles were obtained also at
the positionsy= 60 nm andy= 125 nm. These corespond to vertical positions inside
the source electrode and just underneath the drain electrode (see ﬁgureB.1). Vertical line
proﬁles were extracted at the positionsx= 1030 nm andx= 1100 nm, i.e. just inside the
insulator overlap region and in the vertical channel (see ﬁgureB.1).
G 
S 
D 
y = 125nm 
y = 60nm 
y = 90nm 
y = 45nm 
y =  1nm 
x = 1030nm 
x = 1100nm 
Figure B.1.:Schematic representation of the simulated VOFET geometry with a
50 nm-wide source insulator overlap discussed in chapter 6. Dashed red
lines indicate the positions at which horizontal line proﬁles have been ex-
tracted. Dashed dark green lines indicate the positions at which vertical line
proﬁles have been extracted. The extracted line proﬁles for diferent gate bias
conditions are shown in ﬁgures 6.6, 6.7, 6.10 andB.2toB.5.
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(a) (b) 
FigureB.2.:Lateralchargecarierdensity(a)andelectricpotential(b)proﬁlesinthebotom
semiconductorlayerofaVOFETwithasmalinsulatoroverlapataposition
y=60nm,i.e.10nmabovethebotomedgeofthesourceelectrode.Blue
linesindicatelowVGSandredindicateshighVGS
(a) (b) 
.
FigureB.3.:Lateralchargecarierdensity(a)andelectricpotential(b)proﬁlesinthebotom
semiconductorlayerofaVOFETwithasmalinsulatoroverlapatapositiony
=125nm,i.e.25nmbelowthebotomedgeofthedrainelectrode.Bluelines
indicatelowVGSandredindicateshighVGS.
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(a) (b) 
FigureB.4.:Verticalchargecarierdensity(a)andelectricpotential(b)proﬁlesinthevertical
channelregionofaVOFETwithasmalinsulatoroverlapatapositionx=
1030nm,i.e.30nmawayfromtheverticalsourceedge,butstilinsidethe
insulatoroverlapregion.BluelinesindicatelowVGSandredindicateshigh
VGS
(a) (b) 
.
FigureB.5.:Verticalchargecarierdensity(a)andelectricpotential(b)proﬁlesinthevertical
channelregionofaVOFETwithasmalinsulatoroverlapatapositionx=
1100nm,i.e.50nmawayfromtheverticalinsulatoredge.Bluelinesindicate
lowVGSandredindicateshighVGS.
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SYMBOLS
Symbol Quantity
A Area
a Laticeconstant
c Dopingconcentration
Cdiel Dielectriccapacitanceperunitarea
d Layerthickness
E Energy
EF Fermilevel
F Electricﬁeldstrength
f Frequency
fT Cutoffrequency
gm Transconductance
Hˆ Hamiltonianoperator
I Electriccurent
ID Draincurent
IG Gatecurent
j Curentdensity
L Channellength
LC Contactoverlaplength
LT Transferlength
m* Efectivemassoftheelectron
n Chargecarierdensity
Nit Densityofinterfacetraps
r Depositionrate
r Positionvectorofelectron
RA Positionvectorofatom
RC Contactresistance
rC Speciﬁccontactresistanceperunitarea
RCh Channelresistance
rCh Speciﬁcchannelresistanceperunitarea
ROFET OFETresistance
RSheet Sheetresistance
S Subthresholdswing
T Temperature
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Symbol Quantity
V Voltage
VGS Gate-sourcevoltage
VDS Drain-sourcevoltage
Vth Thresholdvoltage
W Channelwidth
Z Impedance
εr Relativepermitivity
µ Chargecariermobility
ρ Density
σ Electricalconductivity
Φ (el.)Potential
ΦB Energybarier
Ψ Electronwavefunction
ω Angularfrequency
PHYSICALCONSTANTS
Quantity Symbol Value Units
Elementarycharge e 1.60218x10-19 C
Electron-voltenergy eV 1.60218x10-19 J
Boltzmann’sconstant kB 1.38066x10-23 JK-1
Planck’sconstant h 6.62606957x10-34 Js
Permitivityoffreespace ε0 8.85418x10-14 Fcm-1
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ABBREVIATIONS
Abbrevation Meaning
AFM Atomicforcemicroscopy
ALD Atomiclayerdeposition
EDX Energy-dispersivex-rayspectroscopy
EGDM ExtendedGaussiandisordermodel
HOMO Highestoccupiedmolecularorbital
LUMO Lowestunoccupiedmolecularorbital
m-i-m Metal-insulator-metalstack
m-i-s Metal-insulator-semiconductorstack
OFET Organicﬁeld-efecttransistor
OPBT Organicpermeablebasetransistor
OSBT OrganicSchotkybariertransistor
OSIT Organicstaticinductiontransistor
p-i-p p-doped-intrinsic-p-dopedstack
POEM Electricpotentialmappingviathicknessvariation
TLM Transmissionlinemethod
UPS Ultravioletphotonspectroscopy
VOFET Verticalorganicﬁeld-efecttransistor
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